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ABSTRACT 
This study presents the successful synthesis, characterization and hydrolysis of magnesium 
hydride (MgH2) and MgH2 based nanocomposites for hydrogen generation, storage and 
wastewater treatment. The as-delivered MgH2 serves as a precursor in most of the substrates 
synthesized for hydrogen production and storage in this study. In addition, Mg scrap was also 
investigated for the same purpose. The nanocomposites were prepared by means of a ball milling 
process in different time spans.  MgH2, germanium (Ge), lithium aluminium hydride (LiAlH4), 
sodium aluminium hydride (NaAlH4), magnesium (Mg) scrap were the hydrogen generation/ 
storage substrates used in this study. The nanocomposites from the substrates were synthesized 
through ball milling of the powders in argon. The phase-structural and morphological 
characteristics of the composites were evaluated using transmission electron microscopy (TEM), 
selected area diffraction (SAD), scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS) and X-ray dispersive diffraction (XRD) characterization techniques.  
The hydrogen storage performances of MgH2 and MgH2-Ge nanocomposites was analysed with 
thermal desorption spectroscopy (TDS), thermogravimetric analysis (TGA), and differential 
scanning calorimetry (DSC) techniques. Hydrolysis technique was used for hydrogen generation. 
Deionised water and wastewater generated from the brewery were used as the water sources of 
water in the hydrolysis process, and the effect of the hydrolysis on wastewater treatment was 
analysed. In order to evaluate the performance of selected substrates for brewery wastewater 
treatment, chemical oxygen demand (COD), gas chromatography-mass spectroscopy (GS-MS), 
Fourier transform infrared spectroscopy (FTIR) and ultraviolet (UV)-vis spectroscopy were used. 
The precipitates of materials formed after hydrolysis reactions were collected, dried and 
characterised to study the material structural and composition.  
In the first section of the study, MgH2 was co- milled with Ge for a maximum period of 10 hours 
leading to the synthesis of α and ɣ modifications of the MgH2 and Ge phase. Formation of Mg2Ge 
was observed when the ball -milled MgH2-Ge nanocomposites were heated at about 350-400 °C 
and the phase transformation overlapped with the decomposition of MgH2. Results from the re-
hydrogenation of MgH2-Ge experiments conducted using TDS revealed the presence of Mg2Ge in 
the materials.  
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The Ge-MgH2 nanocomposites displayed better hydrogen generation performance compared to 
the corresponding ball-milled pure MgH2 during the hydrolysis of two types of substrate in organic 
acid solutions (acetic and citric acid) under the same conditions. The optimum MgH2-Ge 
composites for hydrogen production and storage were exhibited in the 5h ball milled sample, with 
a hydrogen release of over 1.55 NL/g (~ 100%) in one minute. 
In the next step, hydrolysis of as-delivered MgH2 and the ball-milled MgH2 revealed that the 
reaction kinetics for hydrogen production were improved. This proved that the ball-milled 
substrates exhibit superior hydrogen evolution characteristics as evidenced by hydrogen yields of  
the as-delivered MgH2 vs ball-milled MgH2 (76.8% vs 94.5%,53.3% vs 98.1% and 50% vs 81.5%) 
after hydrolysis of 0.2g , 0.4g and 1.2g of MgH2 and 1 hour ball milled MgH2 respectively.  
Hydrogen production occurring simultaneously with brewery wastewater treatment by hydrolysis 
of MgH2 was reported for the first time when brewery wastewater was used as a water source. This 
novel technique demonstrated wastewater treatment by the reduction of COD and other organic 
compunds such as phenolic/carboxylic compounds. XRD analysis of the MgH2  revealed the 
orthorhombic α-MgH2 phase and Mg to be the major phases present. H2 production was carried 
out at 30 °C to investigate the effect of acetic acid concentration on the H2 yield when MgH2 is 
hydrolysed in brewery wastewater. The wastewater sample with 50 wt% acetic acid was the 
optimized acid concentration with H2 generation of 5.31 NL/min an equivalent of  83%  hydrogen 
yield compared to the theoretical H2. COD value of wastewater sample was reduced from 6130 
mg/l to 2304 mg/l  after hydrolysis experiment, resulting in about 62% COD removal. Other 
analysis such as UV-Vis spectroscopy showed degadration of organic component in the 
wastewater sample after H2 generation. Similarly, FTIR and GC-MS characterisation of the 
solutions also revealed a reduction of organic pollutants in the wastewater stream through the H2 
evolution study.  
Hydrogen generation through hydrolysis of LiAlH4, NaAlH4 and their MgH2 based 
nanocomposites  using  brewery wastewater as a water source was investigated. The study showed 
the ability of the susbstrates to simultaneously generate hydrogen and treat the wastewater. The 
COD reduction of over 90% was recorded in the brewery wastewater after hydrolysis. FTIR and 
GCMS data displayed a reduction in carboxylic compounds and degradation of other organic 
matters in the wastewater sample. Hydrolysis of  0.5g LiAlH4  resulted in higher hydrogen 
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liberation (0.7496 NL/min) with 63.5% yield compared to hydrolysis of 0.25g LiAlH4 which 
resulted in a hydrogen liberation of 0.1673 NL/min and a yield of 28.4%.   
Furthermore, MgH2-LiAlH4-NaAlH4, MgH2-NaAlH4 and MgH2-LiAlH4 nanocomposites were 
synthesised using ball milling for five hours under argon and applied for synergistic hydrogen 
generation and wastewater treatment. The synergistic effect of the nanocomposite constituents 
resulted in an improvement in hydrogen generation. The improved hydrogen generation was 
validated by a hydrogen yield of approximately 70% in all experiments in which MgH2-LiAlH4-
NaAlH4 nanocomposites were utilised as substrates. Hydrogen from the hydrolysis of 0.25g 
LiAlH4 was the least with 0.1673 NL/min corresponding to a hydrogen yield of about 28%, 
compared to the 0.3 NL/min (70.9% H2 yield); 0.3236 NL/min (70.6% H2 yield) and 0.3147 
NL/min (71.08% H2 yield). These figures were obtained from hydrolysis of 0.25g of MgH2-
NaAlH4, MgH2-LiAlH4, and MgH2-LiAlH4-NaAlH4 nanocomposites respectively. Wastewater 
treatment evaluation results after hydrolysis showed over 60% COD removal; this was further 
confirmed through GCMS analysis. 
During the study, Mg scraps were evaluated for hydrogen generation using wastewater as the 
hydrolysis water source. The study applies hydrolysis for the simultaneous solid waste mitigation, 
wastewater treatment and hydrogen production. The wastewater after hydrolysis exhibited 62% 
COD reduction while 79.6% yield of hydrogen was observed within the first 5 minutes of the 
hydrolysis reaction. This study proposes an eco-efficient treatment method as it simultaneously 
degrades pollutants and produces hydrogen utilizing Mg scraps waste and brewery wastewater 
independent of light and electricity. 
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➢ Grain size: The measure of the areas or volumes of grains in a polycrystalline metal or 
alloy, usually expressed as an average when the individual sizes are uniform. 
➢ Hydrogenation: The process through which a hydrogen molecule bonds with a material. 
➢ Hydrolysis: breaking down of a material caused by a reaction with water. 
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not exceeding 25x. 
➢ Magnification: The ratio between the length of a line in the image plane and the length of 
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➢ Microstructure: The structure of a prepared surface of a metal as revealed by a microscope 
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➢ Residual error: The difference between the observed response and the value predicted by 
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CHAPTER ONE 
1.0 INTRODUCTION 
1.1 Overview 
This chapter provides the background to the study of hydrogen generation and highlights the 
impact of energy generation on the environment, the challenges of meeting energy demands, and 
potential remedial intervention that can be brought about by hydrogen generation techniques. 
Research questions are introduced in this chapter, together with the problem statement, project 
justification, project aim and objectives.  
1.2 Background to the study 
The generation of energy plays a crucial role in the economic and social development of a nation 
[1, 2]. The roles that energy plays transcend various sectors of life, including  industry, sports and 
recreation, agriculture, and domestic usage [3].   
World demand for energy in the nations of the world has increased due to the growth and 
development of industry. It is estimated that the world energy consumption will rise to 
approximately 770 quadrillion British thermal units (BTU) in the year 2035 from an approximate 
value of 505 quadrillion BTU in 2008 [4].  Presently, nonrenewable sources are responsible for 
the bulk of the world’s energy generation. The United States is the highest consumer of energy in 
the world, and  is reported  to consume around a quarter of the global fossil fuel [5]. In South 
Africa, coal is a major non-renewable source of energy generation.  Approximately 70% of energy 
in South Africa  is generated from coal [6]. According to a study conducted by the World Bank, 
over 90% of electricity produced in the country comes from coal fired plants [7]. However, most 
conventional energy generation techniques have a detrimental effect on the environment. The 
generation and usage of energy leads to a high release of greenhouse gases (GHG), in particular 
carbon dioxide (CO2), methane (CH4), and nitrous oxide (NO2), which have been confirmed as 
major factors responsible for the destruction of the ozone layer. Greenhouse gases also prevent 
direct radiation from the sun from reaching the earth [6, 8]. The deterioration of the ozone layer 
has resulted in increase in world temperature, a phenomenon that is commonly referred to as global 
warming [9]. Global warming is regarded as one of the elements that is responsible for recent 
changes in climatic patterns experienced in many nations of the world. These climatic changes 
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have resulted in floods and excessive heat in some parts of the world [10]. The increased solar 
radiation also negatively affects human health, causing conditions such as skin cancer, which is 
potentially fatal. In addition, illness can have potentially damaging socioeconomic consequences.  
Flooding resulting from the meltdown of polar ice can lead to loss of lives, houses, properties and 
farmlands in the affected areas. 
Nuclear energy is another form of energy that has been successfully explored in the past. However, 
nuclear plant breaches are a possible occurrence that can cause monumental environmental 
challenges. Nuclear plant breaches are usually accompanied by loss of lives and health hazards, 
such as cancer, among the inhabitants in the vicinity of the nuclear power plants. Nuclear waste 
must be disposed of in a way that is considerate of public and environmental safety; failure to do 
so is hazardous. The Fukushima nuclear plant disaster in Japan is a reminder of the dangers posed 
by nuclear plants to man and the environment. A study conducted by Endo and fellow workers 
[11]revealed that soils in cities and settlements around the Fukushima Dai-ichi power plants have 
been contaminated with high concentrations of radioactive  pollutants.  
In order to prevent, or safeguard against the highlighted dangers associated with non-renewable 
energy sources, a change in focus is needed regarding energy generation. A paradigm shift needs 
to be made from the existing energy sources which are environmentally damaging to renewable 
and sustainable (green) energy sources. This could be achieved through a systematic and 
concentrated approach of diversifying of the energy mix with realistic and careful reduction in 
nonrenewable energy sources.  
In the field of solid-state hydrogen generation or storage, light weight metals are chemical hydrides 
for hydrogen generation or storage. Hydrogen generated from light weight metals causes minimal 
harm to the environment; additionally, it is a renewable source of energy generation. Hydrogen 
generation from light weight metal hydrides has various advantages, including easy carriage with 
high potential for on board vehicular usage [12].  Hydrogen generation is a cost-effective method 
of energy generation, with potential for upscaling. Similarly, the high gravimetric and volumetric 
hydrogen capacities that metal hydrides [13-15] possess make them viable in terms of hydrogen 
generation studies. Conversely, hydrogen generation from metal hydrides faces two major 
limitations: thermodynamics and poor reaction kinetics [16]. Various interventions have been 
proposed to ameliorate these challenges such as the use of precious metal catalysts, strong acid 
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catalysts, organic acid accelerators, carbon nanotubes [17], and ball milling [16, 18]. Although 
each of these approaches have certain shortcomings, they can ensure an increase in hydrogen yield.  
1.3 Problem Statement 
The search for a cost- effective and environmentally friendly means of energy generation has led 
to growth and innovation in the study of various renewable and green energy technologies. Whilst 
renewable energy sources such as wind, solar energy, bioenergy, biofuel, hydro energy, and 
hydrogen energy offer advantages, no single technology is without limitation. The awareness of 
this fact has opened the door to series of renewable energy techniques in the energy mix. To 
maximise the benefits of renewable energy, it is therefore imperative to optimise the performance 
of various technologies by increasing their strengths and reducing their weaknesses through 
creative studies. However, a sustainable and result-oriented approach could be to make investment 
in the choice technologies a priority. There are various parameters that will influence the decision 
of which technologies to focus on: the suitability, applicability, and sustainability of each 
renewable energy type must be analysed before it can be selected. For example, in a predominantly 
temperate environment where minimal sunlight is minimal throughout the year, solar energy 
application might not be a cost-effective or renewable choice. Similarly, wind energy may not also 
be the most feasible option for an environment with land constraints, since the wind turbines 
occupy large amounts of land.   
Recently, hydrogen generation and storage has gained attention in the research and development 
community due to various attributes that could potentially be harnessed for the development of an 
energy source that is environmentally friendly, sustainable and scalable. Numerous methods of 
hydrogen generation are available, including steam reforming, storage in high pressure gas 
cylinders, liquid hydrogen storage in cryogenic tanks, and complex and metal hydrides [19-21]. 
Hydrogen generation from metal and complex metal hydrides have garnered particular attention 
due to their potentially increased or higher hydrogen yield, especially for lightweight or mobile 
appliances [22]. Metal and complex metal hydrides have a high gravimetric hydrogen [20]. 
However, the sustainable use of some substrates has been limited by relatively high cost and the 
corrosive nature of reaction products and byproducts. 
Increased studies are being conducted on Magnesium hydride (MgH2) and its composites as a 
media for hydrogen generation and storage. MgH2, and its composites possess various favourable 
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characteristics such as high hydrogen weight percentage (7.46 wt. %) and gravimetric density [29], 
relatively low cost [23], and noncorrosive reaction products [24]. However, the use of magnesium 
hydride and metal or complex metal hydrides as hydrogen storage media for hydrogen generation 
is limited by poor thermodynamics and poor kinetics (high desorption and adsorption) [25]. 
Precious metal catalysts such as titanium, ruthenium and platinum [26], have been reported to 
improve hydrogen reaction kinetics for lightweight mobile applications with improved 
performance, but their sustainable application is hindered by high cost. Acetic acid and citric acid 
have also been reported recently due to their catalytic characteristics, low cost and potential for 
minimal environmental degradation [27, 28]. While this approach is promising, it has not been 
able to increase the hydrogen yield for the upscaling of hydrogen generation technology for 
lightweight mobile applications. Ball milling of the powdered substrates has been proven to 
increase reaction kinetics due to increased surface area and reduced crystalline size, which can 
potentially increase reaction sites [16, 18]. However, ball milling techniques alone have not 
resulted in an increased hydrogen yield to reach a level of sustainable hydrogen generation. The 
combination of different intervention techniques for hydrogen generation from metal hydrides will 
aid hydrogen generation by synergising the different methods. 
The reduction of environmental pollution is an important aspect to be considered with hydrogen 
generation being touted as a green energy technology. Furthermore, hydrogen generation from 
metal hydrides using wastewater will resulting in simultaneous hydrogen generation and 
wastewater treatment that will further assist in formulating an environmentally sustainable 
approach to energy generation. 
1.4 Justification for the Study 
One interventionist technology may not sufficiently address the challenges of slow reaction 
kinetics and unfavorable thermodynamics recorded in hydrogen generation from metal hydrides. 
An approach that systematically combines the promising techniques will draw synergy from their 
strengths and reduction of their limitations will change the face of hydrogen generation. Ball 
milling of the metal hydrides may increase the reaction kinetics and ensure faster release of 
hydrogen. Furthermore, combination of ball milling technique with acidic catalysis especially 
through organic acids will enhance reaction kinetics with minimal increase in cost since it does 
not involve the use of expensive materials or treatment procedures. 
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Moreover, wastewater treatment or reduction of wastewater pollution approach through hydrogen 
generation carried out in this study can potentially reduce cost incurred on power consumption for 
wastewater treatment in wastewater treatment plants when fully developed or incorporated into 
energy generation and wastewater treatment niche.  
1.5 Project Aim 
The main goal of this study is to use cost-effective and ecologically sound technologies to generate 
hydrogen from magnesium hydride-based metal and complex hydride nanocomposites, as well as 
to examine the potential of metal hydrides to treat wastewater through hydrolysis.  
1.6 Project Objectives 
The following specific objectives were examined in order to achieve the aim of the study: 
▪ Ball milling of the powder substrates. 
▪ Hydrogen generation from magnesium hydride and nanocomposites. 
▪ Determination of the effect of alloying on hydrogen yield. 
▪ Evaluation of wastewater treatment while using hydrolysis for hydrogen generation. 
▪ Examination of the effect of accelerators on hydrogen generation. 
▪ Determination of the role of substrate concentration on hydrogen yield. 
1.7 Novelty of Study 
 Studies have previously been conducted on the application of ball milling and organic acids for 
hydrogen generation from metal hydrides. However, the novelty of this study is the combination 
of hydrogen generation and wastewater treatment, along with the use of other scarcely used 
substrates, such as germanium and lithium aluminum hydride, for hydrogen generation.  
1.8 Hypothesis Statement 
The application of ball milling and organic acids should enhance hydrogen yield from magnesium 
hydride and ball milled nanocomposites. Hydrogen generation should result in wastewater 
treatment through degradation of organic and carboxylic materials in the wastewater stream. 
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1.9 Research Methodology 
The following research methods and techniques have been employed in this study for the 
actualisation of the set aim and objectives: 
▪ A survey of relevant literatures was carried out on past works on metal hydrides and 
complex metal hydrides. This was needed to prioritise the works that are potentially useful 
for further studies based on hydrogen gravimetric and volumetric concentrations and the 
environmental and cost- effectiveness of hydrogen release from the sustainability point of 
view.  
▪ Design of a hydrogen generation reactor with the selection of major components of the 
reactor, which includes the reaction vessel made up of  two-litre three neck round bottom 
flasks, a thermostatic regulated water bath, connecting tubes, a gas purifier system, a 
flowmeter, a data logger, and a data display unit. The reactor was employed for the 
hydrolysis reaction of hydrogen generation. 
▪ Magnesium hydride and complex chemical hydrides (lithium aluminum hydride, sodium 
aluminum hydride, calcium hydride, etc.), were employed as substrates for hydrogen 
storage and release in this study. The substrates were further treated to enhance their kinetic 
and thermodynamic characteristics. 
▪ Ball milling of the chemicals was conducted to reduce the particle grains into 
nanocrystalline structures. The ball milling was carried out to increase the reaction surface 
area and thereby enhance the reaction kinetics. In addition, XRD, SEM, EDS and TEM 
were used to conduct the morphological and microstructural characterisation of the ball 
milled powders.  
▪ The hydrolysis reaction to generate hydrogen from the MgH2 and Ge nanocomposite, 
MgH2-LiAlH4-NaAlH4 nanocomposite, MgH2, Mg scraps and LiAlH4 substrates was 
conducted using the hydrogen generation reactor, with acetic acid catalyzed water, acetic 
acid catalyzed brewery wastewater, or wastewater alone acting as a hydrolysis solution. 
The details of each experiment are stated in the materials and methods sections. 
 
▪ Wastewater treatment of the hydrogen generation was investigated by considering the 
degradation of the organic matter content of the influent and effluent in the reactor, using 
mainly a COD, GC-MS, FTIR and UV visible spectrophotometer. 
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1.10 Thesis Outline 
This thesis is organised into five chapters, with the organisation as follows: 
▪ Chapter one contains an introduction to the study and provides details about the aim and 
objectives of the project. It also includes the problem statement, a justification for the study, 
and an overview of the research methods employed in the study. 
▪ Chapter two gives a review of various studies and concepts related to this study in the 
scholarly domain. A review of various hydrogen storage and generation technologies such 
as steam reforming, thermal cracking, pyrolysis, and biohydrogen generation was 
undertaken. In this chapter, a review of hydrogen storage light weight metals for mobile 
applications was carried out, emphasising various metal hydride groups and complex metal 
hydrides. Magnesium hydride, as the chief substrate in this study, was analysed in terms of 
its beneficial attributes - namely cost-effectiveness and sustainability. The kinetic and 
thermodynamic limitations of magnesium hydride were also discussed.  
▪  Chapter three provides a detailed account of the materials, experimental methods, research 
design, standards and equipment used in the study. A description is also given of the 
material characterisation of surface morphology, microstructural investigations, and 
particle sizes of the magnesium hydride and other substrates before and after ball milling. 
This was achieved using various material characterisation techniques, specifically the 
SEM, EDS, XRD, TEM and SAD Miller indices.  The procedures and equipment used for 
ball milling were described in detail in this chapter.  The methods for evaluating hydrogen 
storage of MgH2-Ge nanocomposites techniques such as DSC/DTG, TGA and TDS were 
also discussed.   
▪ Chapter four contains results and discussions of major findings on the material 
characterisation carried out on the reaction substrates, as well as microstructural analyses, 
particle size analyses, and discussion of the substrates. This chapter also highlights the 
results of various experimental investigations of the role of applications of ball milling time 
and synergistic effect  on mechano-synthesis of substrates (synthesis of new substrates 
through mixing of two or more compounds by ball milling) and optimisation of substrate 
composition for hydrogen generation and storage. Results of and discussions on the roles 
of organic acids employed in the study (citric acid and acetic acid) in combination with the 
ball milled MgH2-based nanocomposites were provided. Furthermore, a discussion of how 
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wastewater treatment by hydrolysis was carried out for hydrogen generation using MgH2, 
MgH2 based nanocomposites, lithium aluminum hydride (LiAlH4) and Magnesium (Mg) 
scrap was presented.  
▪ Chapter five (Conclusion) summarises the major findings in the study. The chapter ends 
with suggestions for further studies.  
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CHAPTER TWO 
                                                                
2.0 Literature Review 
2.1 Introduction 
In this chapter, an extensive review of relevant previous and current studies was carried out, with 
the aim of covering both previous and current advances in energy generation. Specific emphasis 
is placed on hydrogen generation and storage, both of which are relevant to the present study. To 
achieve this aim, the chapter is divided into various sections that cover the following topics: energy 
generation, hydrogen, hydrogen generation methods, hydrolysis, hydrogen storage, hydrogen 
generation, and substrate material treatments such as ball milling, doping and catalyst application. 
2.2 Energy  
In the twenty-first century, energy plays a fundamental role in human life, economic development, 
and environmental sustenance. Consequently, demand for energy has always been on the increase. 
Energy is necessary for various activities such as industrial applications, domestic usage, 
agricultural production, and automobile fuel. Today, the majority of the energy sources in the 
world comes from non-renewable sources [29]. Most of these conventional energy generation 
sources are detrimental to the environment. It is therefore important to focus on finding alternative 
energy sources that are sustainable and beneficial to the environment. 
2.3 The Imperativeness of Green Energy 
 
The term “green energy” (GE) refers to energy generation methods that are virtually pollution- 
free, and as such, do not contribute to climate change [30]. GE is naturally renewable and could 
therefore be regarded as a sustainable form of energy generation. Mitigation of environmental 
pollution and high emission of CO2 into the atmosphere is crucial if the current rise in global 
temperature is to be reduced. According to  a report by the International Energy Agency (IEA), 
approximately 80% of CO2 that is emitted into the atmosphere can be attributed to energy usage 
[31].  This development has led to renewed interest in research and development (R&D) into 
renewable energy. A study carried out by the United States Energy Information Association 
(USEIA) has shown that energy generation from renewable sources will rise by approximately 
72% between 2013 and 2040 [32]. Furthermore,  it is a known fact that the majority of the 
conventional energy generation technologies contribute to environmental pollution through the 
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emission of various greenhouse gases (GHGs) and ash into the atmosphere [33]. However, the 
world is still largely dependent upon nonrenewable energy for the majority of its energy supply; 
therefore, a gradual shift from current energy technologies to more sustainable options is needed 
[34]. 
The strengths of green (renewable) energy technologies include less environmental pollution and 
the relative availability or abundance of source materials. Additionally, the growing demand for 
energy on account of population and industrial growth has caused energy generation to include 
multifaceted models that involve renewable and nonrenewable energy generation technologies. 
Nevertheless, the environmental and sustainability benefits of renewable energy methods make 
them feasible energy sources for the future. In this subsection, selected renewable energy methods 
will be discussed, as depicted in Figure 2.1. 
 
Figure 2.1: Selected renewable energy sources 
2.3.1 Hydro energy  
For many years, hydro energy has been an integral aspect of energy generation in many parts of 
the world, particularly in areas with favourable climatic conditions in terms of availability of 
suitable water bodies, such as dams, to power the hydro turbines. Energy generation 
notwithstanding, the adequacy of hydro energy as a renewable energy source is affected by water 
shortage, especially in parts of the world with insufficient or erratic water supply. Therefore, hydro 
energy generation is most sustainable in areas with adequate water supply. Hydro energy 
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generation results in non-consumptive water usage. However, other factors involved in hydro 
energy generation, such as evaporation from dams and  the timing  of opening of spillways for 
dam water level management could potentially affect other water dependent sectors, such as 
irrigation of farmlands and cases of flooding that are occasionally recorded in catchment areas of 
the dams[35]. The contribution of hydro energy to the global energy mix differs based on various 
factors, such as the availability of water bodies and competing consumptive water usage needs. 
Other aspects, such as political interests and economic strengths, can also affect the construction 
of hydropower dams [36]. 
2.3.2 Conduit hydropower technology 
Conduit hydropower technology is another renewable energy generation method under current 
consideration. Conduit hydropower plants are mini hydropower plants that utilize dynamic 
technology that can be adapted to suit various conditions.  
Conduit hydropower technology makes use of the excess pressure in pressurised conduits to 
generate energy [37]. This technology offers flexible design to suit the prevailing needs and 
environmental conditions. Energy generated from the conduit hydro power plants can be used on 
site or fed into the national electricity grid [37], thus ensuring that energy can be supplied to remote 
parts of the community [38]. Examples of places where conduit hydropower plants can be built 
are the main pipelines of wastewater treatment works, inlets of portable water lines, water 
distribution networks, and main closed channel conduits used for farm irrigation. Water lines, 
turbines and generators are the major components of a typical conduit hydropower generation plant 
[39]. 
Once it has been established that there is sufficient pressure and flow of fluid in the conduit at the 
proposed plant location, selection of an appropriate turbine for the design is crucial [40]. Turbines 
convert kinetic energy into the mechanical energy used to drive an electrical generator [41]. The 
Pelton turbine, cross flow turbine, hydro engine turbine, hydrodynamic screw turbine, Kaplan 
turbine, bulb turbine and propeller turbine are among the common types of turbine that have been 
used in conduit hydropower plants [40]. The selection of turbine should take into consideration 
the potential energy that can be generated, the design type, and the intended life span of the plant. 
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Conversely, conduit hydropower generation technology does have limitations. These limitations 
include low energy generation capability and the potential to reduce water flow downstream of the 
turbine and therefore compromise water supply in the affected areas. 
2.3.3 Biofuel 
Biofuels, which can be broadly classified as bioethanol and biodiesel, are fuels obtained from 
plants or crops for the purpose of energy generation [35]. Biofuel is an environmentally sustainable 
energy generation technology due to its reduction of compressed natural gas F, with the added 
benefit of enhancement of the alternative energy mix [42, 43] [44]. However, among the major 
challenges facing the production of biodiesel is the requirement of the cultivation of hectares of 
crop- and plant-bearing land, which places pressure on land used for agriculture and land used for 
other purposes. At the same time, water is needed to irrigate the oil- producing crops and ensure 
good yield. This places an additional burden on already strained water resources in the face of 
conflicting interests from various sectors of the economy [35]. Water loss is reported to take place 
through evapotranspiration from the crops, as well as through ground water loss from irrigation 
[45]. 
2.3.4 Wind Energy  
Wind power is an important component of the renewable energy mix [46]. It is regarded as one of 
the leading renewable energy technologies in terms of technology development, and is often touted 
as having a similar performance to fossil fuels in terms of power generation in suitable sites [47]. 
Over the years, wind energy has recorded remarkable improvements in terms of turbine design, 
aerodynamics and noise reduction [47, 48]. It is believed that onshore wind power generation 
potential is between 20,000 x109 – 50,000 x 109 kwh if various factors of the technology are fully 
developed [47]. From an economic point of view, relatively low cost and a shorter technology 
incubation period makes wind energy a prime renewable energy technology [48]. However, due 
to factors such as prevalence of suitable wind speed and the availability of land, which play a 
crucial role in the operation of the technology, wind technology is not suitable for every area [49]. 
Furthermore, wind energy generation has limitations, such as possible noise from turbine blades 
due to changes in wind direction, as well as grid connection challenges [48]. 
2.3.5 Solar Energy   
The sun is the sole source of solar energy. This is manifested on earth in the form of heat and light 
[50, 51].  Solar energy technology is regarded as the most prevalent and reliable renewable energy 
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resource [52]; as long as the sun shines there is possibility of harnessing solar energy  for the 
benefit of mankind. Solar energy has high potential as a sustainable means of powering the earth 
if properly developed;  it is estimated that approximately 1.8 x 1023 kW  out of an estimated 3.8 x 
1023 kW of solar radiation is received by the earth [50]. Solar energy technology employs energy 
from the sun and its light to power various appliances. The application of Solar energy varies from 
the powering of home appliances (including lighting, heating, and cooling of homes and cooking 
of foods) to industrial applications.  
Because solar energy originates from the sun, solar energy technology causes little to no 
environmental pollution with respect to harnessing [51]. Solar energy technology can be regarded 
as a renewable energy generation technology, as sunlight is abundant across the earth and relatively 
cheap.  
One of the major challenges facing the application of solar technology is poor efficiency of solar 
power conversion and storage [52]. Different materials with high porosity have been studied by 
researchers as possible solutions to the challenges in various solar energy systems [53, 54]. For 
example, the use of soil and gravel were reported in solar chimneys as porous substrates in different 
numerical simulation studies [55, 56]. The results of the studies indicated that the materials possess 
good thermal inertia, thus suggesting that they are good candidates for energy storage. In another 
study on the application of porous materials to enhance solar storage,  the author [57] reported 
increased thermal performance up to approximately 130% in a solar collector when it was filled 
with porous substrates. Similar results were observed in a study where charcoal acted as the porous 
medium [58]. Thermal efficiency of around 30% was reported in the solar air heater device. 
The next section will focus on hydrogen generation techniques as an important method of energy 
generation, which is a relevant concept in this study. 
2.4 Hydrogen 
Recently, hydrogen as a green energy source has received attention amongst environmental 
conservation groups, technocrats and world leaders as an alternative or supplementary energy 
source that results in less pollution and environmental detriment.  
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In a world facing multiple challenges such as health hazards, unpredictable weather patterns, 
desertification and drought as a result of environmental pollution, hydrogen is an advantageous 
energy source. 
Similarly, hydrogen is the lightest element and therefore the lightest energy source [59]. This 
characteristic makes hydrogen useful for onboard vehicular applications. Furthermore, hydrogen 
is regarded as the most copious element on earth and therefore has potential for availability and 
sustainable energy production. Hydrogen contains a high energy unit per mass (approximately 120 
MJ/kg) relative to other energy sources such as fossil fuel, which contains approximately 40 
MJ/kg[60]. Hydrogen is believed to have the highest gravimetric energy density of all known 
materials [61]. Hydrogen has a high energy value per kilogram, making it one of the richest known 
energy sources. Compared to most fuels, hydrogen has a high heat combustion rate, and is therefore 
favourable in terms of conversion into other energy sources, such as mechanical, electrical and 
thermal energy [60].  
2.5 Hydrogen Generation Methods 
There are different methods of hydrogen generation. However, for the purpose of this study, three 
broad methods of hydrogen generation will be discussed, namely:  
▪ Hydrogen generation from fossil fuel-based materials  
▪ Hydrogen generation from renewable sources 
▪ Hydrogen generation from chemical-based sources.  In this study, hydrolysis is the only 
chemical-based technique that will be discussed, due to its relevance to the study. Figure 
2.2 represents the selected hydrogen generation methods discussed in this section.  
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Figure 2.2: Hydrogen generation methods [62] with modifications 
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2.5.1. Hydrogen generation from fossil fuel 
Hydrogen generation from fossil fuel involves hydrogen generation from petroleum products. 
Under these categories of hydrogen production, two major methods would be considered: pyrolysis 
and hydrocarbon reforming. 
2.5.1.1 Pyrolysis 
Production of hydrogen through hydrocarbon pyrolysis involves hydrocarbon (as the sole 
hydrogen substrate) being subjected to thermal decomposition. Different forms of pyrolysis of 
hydrogen products exist, with each being carried out at different temperatures. For example, 
hydrogen production by hydrocarbon pyrolysis can produce light hydrocarbons, which have a 
relatively low boiling point (50-200 °C). This leads to the production of elemental carbon [62]. 
Moreover, as reported by Muradov [63], pyrolysis of hydrocarbons with heavy residual carbon 
fractions involves the processes of hydrogasification and methane cracking, which occurs at high 
temperatures.  
Furthermore, the direct cracking or fractionation of hydrocarbons which originate from natural gas 
involves high temperatures of approximately 980 °C, as well as atmospheric pressure in an inert 
environment. The energy required for this process to produce 1 mole of hydrogen is lower than 
the process required for steam methane reform production due to a lesser combustion rate of 
hydrogen involved in the combustion process [62]. The pyrolysis process is an energy-intensive 
stage of carbon capture and storage (CCS) that does not involve the reduction or removal of CO2 
or water gas shift (WGS). This process is mainly applied in chemical and metallurgical industries, 
wherein carbon generated from the process can be stored terrestrially or in aquatic systems for 
future applications. Moreover, this process of carbon decomposition is market dependent. The 
availability of the residual decomposition product (carbon) is directly proportional to price. The 
larger the amount of carbon generated from natural gas, the lower the price of hydrogen generated 
is  [63]. This process is more sustainable; additionally, it is more beneficial to the production of 
both carbon and hydrogen through catalytic dissociation of hydrocarbon from natural gas origin, 
as compared to those produced from CO2 sequestration by steam methane reforming (SMR)[64]. 
Although hydrocarbon pyrolysis is advantageous to the environment and to carbon and hydrogen 
production, it also presents challenges. The high temperature of the methane decarbonisation 
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process leads to the destruction of the membranes. The low hydrogen partial pressure in hydrogen 
separation also results in limitation [65].  
2.5.1.2 Hydrocarbon reforming 
Hydrocarbon reforming entails the translation of hydrocarbon into hydrogen through the process 
of reforming [62]. The reaction can be grouped into two main categories, namely autothermal 
reforming and hydrocarbon steam reforming[66].  
2.5.1.2.1 Autothermal reforming  
Autothermal reforming (ATR) is a hydrogen generation technique that utilises steam or oxygen, 
together with methane, to create a reaction. [66]. The heat for the reforming process is supplied by 
exothermic partial oxidation and endothermic steam reforming for the acceleration of hydrogen 
production.  When methane is used as the reaction substrate, the heat efficiency of the process is 
approximately 60-75%  [67]. Moreover, an inlet temperature of 700 C is regarded as the best 
reaction temperature [62].  At this maximum temperature, the highest hydrogen yield is reported 
to be approximately 2.8  [67, 68]. Furthermore, during ATR, the reaction can be controlled 
(stopped and started) when hydrogen production is ongoing, whereas in the hydrocarbon steam 
reforming method, the reaction cannot be tampered with during the process. Additional advantages 
of ATR (in comparison with other methods such as partial oxidation) are a lower operation 
temperature and minimal methane slip occurrence [67]. However, coke formation is usually 
experienced during this process. To ensure the prevention of coke formation and enhance efficient 
operation, the correct ratio of oxygen to fuel is required. Similarly, the usage of the correct blend 
of carbon and steam is required to regulate the reaction temperature and facilitate hydrogen gas 
production [69]. The integration of membranes with ATR for hydrogen production has also been 
investigated and proven to marginally enhance process efficiency. The innovation provides a 
reduction of approximately 20% in fuel volume from the reactor [62]. However, the result was 
achieved at approximately 900 C, a temperature which has the potential to destroy the membrane 
structure. Similarly complex reactor architecture is observed under such conditions [65]. 
2.5.1.2.2 Hydrocarbon steam reforming 
The process of hydrocarbon steam reforming entails a reaction between hydrocarbon (methane) 
and steam that produces hydrogen and carbon dioxide while aided by a catalyst [70]. Hydrogen 
gas production with the hydrocarbon steam reforming technique is regarded as the highest 
producer of hydrogen, and accounts for about 50% production of hydrogen gas globally [71, 72]. 
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Furthermore, hydrogen steam reforming is the most developed of all hydrogen gas production 
techniques; it is reported to have attained an approximate hydrogen production efficiency of 
approximately 74-85%. 
 However, hydrogen generated by the steam reforming technique is hindered by a limited world 
reserve of natural gas. This means that sustainable hydrogen generation using this method may be 
compromised by an imbalance between supply and demand of natural gas – a situation that may 
precipitate international conflict [73]. Moreover, the steam reformation process raises 
environmental safety concerns, as CO2 is released into the reformation [70]. Furthermore, on 
pollution prospect of this technology, when poisonous substances such as organic Sulphur are in 
the substrate, desulfurisation is required to prevent poisoning of the reforming catalyst [74].The 
purification process is energy intensive and involves several other processes such as recovery 
phase and methanation before pure hydrogen gas can be obtained [75], thus adding to the reaction 
cost.  
2.5.1.2.3 Partial oxidation 
Partial oxidation of hydrocarbon for hydrogen production can be achieved via two methods, 
namely: 
Non-catalytic partial oxidation (POX), which occurs in an oxygenated atmosphere and at very high 
temperatures (about 1150-1500 °C). The high temperature is required to facilitate the completion 
of hydrogen production and reaction, and to lessen the formation of soot [67]. Examples of 
common reaction substrates used for POX reaction include methane, coal and heavy oil [75].  
Catalytic partial oxidation (CPOX) involves the addition of catalyst during the reaction. The 
catalysis of the reaction ensures that the process can proceed at a relatively lower temperature 
(approximately 950 °C) compared to non-catalyzed POX. Additionally, common reaction 
substrates in CPOX are light hydrocarbons such as methane and naphtha [62, 75]. CPOX is an 
optimal technique to generate hydrogen from hydrocarbons and coal such as heavy feed stocks 
[66]. McHugh [76],  reported a thermal efficiency of  60-75% with methane being used as a feed 
stock in the POX reactor. Similarly in another study, fuel conversion (processing) efficiency of 78 
% occurred at a reactor temperature of 864 °C in a simulation study conducted by Erso¨z [68].  
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There are drawbacks to the real-time application of the technology on mobile applications.  due to 
The environmental pollution from reaction by-products such soot, and a low H2/Co ratio raise 
safety concerns as a result of high reaction temperature and environmental detriments  [77, 78]. 
2.5.2 Hydrogen generation from renewable sources 
Even though the bulk of hydrogen production presently originates from fossil fuel, there is a 
renewed interest in generating hydrogen from renewable sources. This development is due to the 
environmental sustainability of hydrogen generation from this method. In this section, certain 
renewable hydrogen generation techniques will be reviewed. 
2.5.2.1 Thermochemical hydrogen production 
In the thermochemical hydrogen generation technique, biomass acts as the main hydrogen 
generation substrate. The biomass is converted to hydrogen and hydrogen-rich gases [79].  
Furthermore, pyrolysis and gasification processes are integral components of this form of 
hydrogen production [62]. 
Biomass pyrolysis involves the heating of biomass at temperature of 376 -526 °C within a pressure 
range of 0.1-0.5 Mpa in an oxygenated atmosphere for the production of liquid oils, solid charcoals 
and gaseous compounds [80]. The reaction may proceed in an inert environment if there is partial 
combustion to produce the heat energy required for the process [81]. Depending of the type of feed 
stock used, hydrogen precursors in biomass pyrolysis may include methane (CH4) and carbon 
(CO). The reaction products therefore undergo refining via processes such as steam reforming 
(SR), water gas shift (WGS), and pressure swing adsorption (PSA) before hydrogen gas is 
generated [82]. Moreover, the reaction substrate type and catalyst, reactant resident time and 
temperature are major determinants of the quantity of hydrogen generated from biomass pyrolysis 
[83, 84]. Figure 2.3 shows the major processes involved in biomass pyrolysis. 
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Figure 2.3: Flow diagram of biomass pyrolysis process, reprinted with permission [62] 
Biomass gasification entails production of gaseous fuel (syngas) from biomass or coal through 
partial oxidation [62, 67]. The reaction is carried out within a temperature range of 500-1400 °C 
and a maximum pressure of 33 bar [82]. The equations for the conversion of biomass into syngas 
are indicated in equations 2.1 and 2.2. Equation 2.1 is a representation of the reaction in the 
presence of air, while equation 2.2 represents the biomass gasification reaction in the presence of 
steam: 
Biomass + Air →H2+CO2+CO+N2+CH4+other+ CHs+tar+H2O+char   (2.1) 
Biomass + Steam → H2+CO+CO2+CH4+other CHs+ tar + char    (2.2) 
Hydrogen production from steam gasification process is higher than pyrolysis, with a reaction 
efficiency of approximately 52% [81, 85]. 
However, biomass gasification usually suffers from poor thermal efficiency due to the requirement 
to vaporise moisture in the reaction feedstock (biomass) [86]. The production of tar during the 
gasification process constitutes a challenge. The use of catalysts has been proposed for removal of 
tar, but the cost of catalysts is prohibitive. Another challenge encountered during biomass 
gasification is the high cost of oxygen separators required for removal of oxygen in the reactor. 
Thus, the quality of gas generated is reduced. The development also leads to the production of an 
environmentally harmful substance, namely nitrogen oxide (NOx) [67]. 
2.5.2.2 Biological hydrogen generation 
Most biological methods for hydrogen generation are environmentally sound, which has made 
them useful hydrogen generation techniques for researchers. Another attribute of this method of 
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hydrogen production include lower energy consumption and minimal pressure requirements, as 
most experiments are conducted at standard temperature and pressure (ambient environment). 
Moreover, biological hydrogen generation is renewable in nature, as an abundant supply of 
materials is used as substrates. The majority of these materials which are waste materials [87]. 
In this subsection, certain important biological hydrogen generation techniques, including direct 
and indirect methods of bio photolysis and fermentation techniques for hydrogen production, will 
be discussed. 
2.5.2.2.1 Bio-photolysis hydrogen generation  
This hydrogen production technique involves adapting the principles of plants and algal 
photosynthesis to generate hydrogen. Bio-photolysis hydrogen production involves two major 
stages, namely direct bio-photolysis and indirect bio-photolysis. 
Direct bio-photolysis entails the splitting of water molecules into hydrogen ions and oxygen by 
green algae in a photosynthetic process where the sun is the primary source of energy. Thereafter, 
enzymatic activity of hydrogenase converts the hydrogen ion into hydrogen gas [88].  
Hydrogen production through direct bio-photolysis process can be represented by the chemical 
equation shown below in 2.3: 
2H2O +Solar energy → 2H2+O2         (2.3) 
Figure 2.4 indicates a diagram of the reactions involved in direct bio-photolysis hydrogen 
generation 
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Figure 2.4: Bio-photolysis hydrogen generation schematic 
Limitations of the direct bio-photolysis reaction are low hydrogen production, as well as the 
complexity involved in regulating the oxygen concentration of the medium to the approximately  
0.1% needed for optimal performance of hydrogenase enzyme and sustainable hydrogen 
production process [85].  
Indirect bio-photolysis hydrogen production  
Indirect bio-photolysis is the biochemical production of hydrogen from water in the presence of 
sunlight. Cyanobacteria break down water molecules for hydrogen production according to the 
following equations shown in 2.4 and 2.5: 
12H2O +6CO2 + photoenergy → C6H12O6+6O2       (2.4) 
C6H12O6+12H2O + photoenergy → 12H2+6CO2        (2.5) 
The reaction consists of four stages which include photosynthetic production of biomass, aerobic 
dark fermentation, biomass concentration, and conversion of acetate into hydrogen [85]. There are 
different species of the Cyanobacteria involved in indirect photolysis production of hydrogen and 
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hydrogen production rate from each specie has been identified to vary [89]. For example, Table 
2.1 shows indirect bio-photolysis hydrogen production from different Cyanobacteria species: 
  
24 
 
Table 2. 1: Hydrogen production from Cyanobacteria Species 
Cyanobacteria specie Hydrogen generation Reference 
Synechococcus PCC 6307 0.02 µmol H2/mg [90] 
Aphanocapsa montana 0.4 µmol H2/mg [90] 
Nostoc linckia IAM M-14 0.17 µmol H2/mg [91] 
Anabaena variabilis IAM M-58 4.2 µmol H2/mg [91] 
Anabaena variabilis PK 84 6.91 nmol/µg [92] 
 
Other factors that have been reported to influence hydrogen yield from indirect bio-photolysis 
include pH and temperature. In an experimental investigation with cyanobacteria, a pH value of 
6.3-8. was recorded to yield the best hydrogen production while a two hundred percent increase in 
hydrogen production  was reported when the temperature was increased from 30 °C to 40 °C [93].  
However, hydrogen production using this technology still in its infancy, as most of the studies 
have been carried out in the laboratory [85, 94] As a result, further studies are required for scaling 
up and sustainable hydrogen production through indirect bio-photolysis. 
2.5.2.2.2 Hydrogen production through fermentation 
Methods of hydrogen production through fermentation are biochemical hydrogen production 
methods that predominantly involve the microbial degradation of organic matters into various 
carbon sources, CO2 and hydrogen. A common advantage of these methods is the use of affordable 
waste materials for hydrogen production [74]. 
Dark fermentation  
In the dark fermentation process of hydrogen production, the biochemical energy from organic 
matters (rich carbon sources) is degraded through anaerobic bacteria under anoxic conditions and 
in the absence of light. Among the benefits of this technology are waste bioremediation, hydrogen 
production and a potentially cheaper source of hydrogen generation [94]. Furthermore, hydrogen 
production through this process can be achieved continuously irrespective of the time of the day 
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from many substrates using a small land mass [87]. It is reported that the optimum pH for hydrogen 
production through dark fermentation is 5-6 [95, 96]. Moreover, other factors influencing 
hydrogen yield in this process include hydraulic retention time (HRT) and hydrogen partial 
pressure [85]. However, some of the challenges attributed to dark fermentation include the need 
to remove hydrogen when generated to pressure drop in the reactor [67], poor chemical oxygen 
demand (COD) removal and the tendency for production of large byproduct quantities [97]. 
Photo-fermentation 
This process involves hydrogen production through the biochemical activities of nitrogen fixing 
bacteria under nitrogen-deficient conditions and the presence of solar energy from the breakdown 
of organic acids that are mainly contained in the organic wastes. Organic acids such as acetic acid 
or lactic acid are converted into CO2 and hydrogen gas by nitrogenase [98]. The bacteria involved 
in this process are versatile, as they can function in diverse reaction conditions, for example batch 
and continuous reaction media [99]. Furthermore, the operation of the nitrogenase cannot be 
inhibited by the presence or absence of oxygen in the reactor [88, 99].   
Conversely, due to the limited solar energy harvesting capability of hydrogen fixing bacteria 
(approximately 100-200 W/m2 per day) [100], hydrogen production from this technology is low. 
For example, an actual hydrogen production efficiency of approximately 1.9% is reported 
compared to the theoretical value of approximately 68% obtainable from photo fermentation. 
These figures are based on the information stated by the Department of Energy (DoE) [67, 100, 
101]. 
2.5.2.3 Hydrogen production through water splitting 
Hydrogen production through water splitting techniques has been in existence for a long period of 
time and has proven to be a method with a high success rate. Under this subsection, different 
techniques that make use of hydrogen generation through water splitting, such as electrolysis, 
thermolysis, and photo-electrolysis, are discussed. 
2.5.2.3.1 Electrolysis 
The basic electrolysis components necessary for hydrogen production through water splitting 
include an anode electrode, a cathode electrode, an electrolyte, and a membrane. The water 
molecule is broken down into hydrogen and oxygen as it passes through the cathode and anode 
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electrodes with the help of the electric current (power source) [67]. The electrolysis reaction is 
endothermic in nature, and as such requires the source of power for the reaction to take place [102]. 
Three are three major forms of electrolysis cells (electrolysers) commonly used for hydrogen 
production; these are proton exchange membrane (PEM) electrolysis cells, solid oxide electrolysis 
cells (SOEC) and alkaline electrolysis cells.  
A typical alkaline electrolytic cell contains alkaline electrolyte, anode and cathode electrodes and 
a membrane (microporous). Alkaline electrolytic cells are the most common of the three types of 
electrolysers. It is also the most affordable to operate. However, it suffers from poor energy 
efficiency ( about 50-65%)  [67, 103].  In terms of hydrogen production mechanism, the reaction 
water is supplied to the cathodic chamber and this dissociates into hydroxyl ion (OH-). Thereafter 
the OH- migrate to the anodic compartment via the electrolyte and hydrogen is thus produced in 
alkaline electrolyte and separated from water in a special device/ unit outside the electrolytic cell. 
[104]. The electrolytic reactions in an alkaline electrolytic cell are as represented in equations 2.6 
and 2.7: 
Anodic reaction: 
4OH-→ O2 +2H2O + 4e-                                          (2.6)   
Cathodic reaction: 
2H2O+2e
- → 2OH- + H2                                         (2.7)   
Solid oxide electrolytic cell has similar reaction mechanism as alkaline cells as represented by 
equations 2.6 and 2.7. However, in SOEC, thermal energy is the energy source for the reaction 
compared to the electrical energy used in alkaline electrolyser. The development is attributed to 
the high energy requirement for the operations of SOEC [104]. Solid electrolytes are employed in 
SOEC and they offer benefits such as corrosion resistance and freedom from flow and distribution 
challenges [105]. However, due to the high temperature of the reaction SOEC hydrogen production 
from the method suffers from current leakage and ohmic losses [105]. 
Photo-electrolysis  
Electrolysis is an environmentally friendly technique of hydrogen production, which is sustainable 
if the electricity for the process is supplied through renewable energy methods. Electrolysis has 
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the potential to serve as the primary energy source for fuel cells which can later be used for 
different purposes. If the electricity for the reaction originates from a nonrenewable source, the 
reaction produces by-products that are harmful to the environment [106]. 
However, as a result of the processes taking place at the anodic compartment of the electrolytic 
cells during oxygen production, significant energy loss does occur during hydrogen production 
from photo-electrolysis of water molecules [102].  
Thermolysis 
Hydrogen production by thermolysis involves the production of hydrogen from the splitting of 
water through heating it to the point of decomposition to hydrogen and oxygen. Hydrogen 
production by thermolysis usually takes place above 2226 °C [107].  Carrying out the reaction at  
an approximate temperature of 2226 °C temperature ensures easy separation of the hydrogen 
produced in the mix [62]. Equation 2.8 represents a simple method for hydrogen generation 
through thermolysis: 
H2O → H2 + 0.5O2                               (2.8)   
One of the major challenges of hydrogen production through thermolysis is the complexity 
involved in separation of hydrogen gas from oxygen in the reaction consortium. This is necessary 
due to the volatile nature of the mixtures if they are not separated [107].  The high energy demand 
necessitated by the need to carry out thermolysis at high temperature is another factor that can 
hinder the sustainable application of the technology for hydrogen production. To this end, various 
approaches have been proposed for the provision of power during thermolysis. Energy sources 
such as nuclear and solar energy have been reported in thermolysis reactions [108, 109]. Solar 
energy is one the most popular sources of heat during thermolytic hydrogen production reactions. 
Various configurations of solar energy generation have been recommended as possible methods 
for ameliorating the high temperature and the need for separation of H2 and O2. For example, solar 
energy harvesting through parabolic reflectors was reported to have generated sufficient energy 
needed for heat production during thermolysis [110]. Furthermore, the use of  Zirconium oxide 
(ZrO2) formed semi-permeable membrane materials and ceramics with high temperature resistance 
ability was explored in the studies by Kogan [111]. Conversely, the limitation of this technique is 
the breaking down of the materials during high flux solar radiation as manifested in thermal shocks. 
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Moreover, Olalde and coworkers [112], also proposed cooling methods  achieved either by 
immersion of a solar irradiated target  in water or application of a cold gas spraying mechanism. 
However, the disadvantages of these techniques include reduction in exergy efficiency and the risk 
of a fire hazard due to the combustive nature of the reaction [110]. 
2.6 Hydrolysis 
Hydrogen production through hydrolysis is an exothermic process. A typical hydrolysis reaction 
involves the addition of water to hydrogen rich substrates (such as metal hydrides or complex 
metal hydrides) for hydrogen generation. Metal hydrides and complex metal hydrides have been 
the major hydrogen generation materials (substrates) examined for hydrogen production through 
hydrolysis due to various factors including high hydrogen content, relatively low toxicity, low cost 
and abundance of some of the materials. Major challenges of hydrogen generation hydrolysis 
include slow reaction kinetics and passivation of substrates due to oxidation leading to inhibition 
of reaction sites. Different lightweight materials have been reportedly used as hydrogen generation 
materials via hydrolysis. In this section, some of the major materials which are used for hydrogen 
generation via hydrolysis will be reviewed, as depicted in Figure 2.5.  
 
Figure 2.5:Materials for hydrogen generation via hydrolysis 
2.6.1 Borohydrides 
Borohydrides are metal hydrides that have been used extensively for hydrogen generation. One of 
the advantages of boron compounds for hydrogen generation is their high gravimetric hydrogen 
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concentration. For example, lithium borohydride has approximately 18.6% gravimetric hydrogen 
concentration. Moreover, various borohydride compounds such as lithium borohydride (LiBH4), 
sodium borohydride (NaBH4), calcium borohydride (CaBH4), aluminum borohydride (AlBH4), 
hydrazine (N2H4BH3) and ammonia borane (NH3BH3), have been studied for hydrogen generation 
[113-120].  
Ȿahin and coworkers [121] reported the hydrolysis of NaBH4 for hydrogen generation in a reaction 
catalysed with palladium. NaBH4 is a rich source of hydrogen with an approximately 10.8% 
gravimetric H2 content. The use of palladium catalyst in the study enhanced reaction kinetics 
resulting in improved hydrogen generation. Conversely, palladium, although not as expensive as 
noble metal catalysts such as platinum, is expensive and non-sustainable for hydrogen production 
on large scale. 
The importance of NaBH4 for hydrogen generation via hydrolysis was further highlighted in the 
study by Amendola and  colleagues [122]. The authors utilised NaBH4 as H2 substrate in a 
hydrolysis reaction carried out at ambient temperature with Ru as a catalyst. Authors reported 
higher and more sustainable hydrogen production in alkaline conditions (pH >11) for the effective 
acceleration of reaction kinetics by a ruthenium (Ru) catalyst in an on-demand hydrogen reactor. 
The technology reported was acclaimed to offer safe hydrogen production suitable for onboard 
vehicular applications with characteristics such as good hydrogen yield and a relatively lower heat 
of reaction (75 KJ/mole) and reaction by-products- sodium metaborate (NaBO2) with minimal 
harmful environmental concerns. Conversely, the requirement for appreciable H2 generation to 
proceed at strong alkaline condition could potentially constitute a drawback to this technology. 
The relatively high cost of NaBH4 could also hamper sustainable hydrogen generation using the 
proposed technique [116, 123]. Similarly, the proposed method of recycling the substrate for 
further H2 production could be complicated due to the need to carry out the task in a centralised 
place, which may be unrealistic from a sustainable point of view.  
In another study, the importance of NabH4 for hydrogen production was examined by combining 
it with other substrates such as aluminum, aluminum alloys, cobalt, and magnesium [116]. The 
synergistic effect of NabH4 with the added substrates resulted in an increased hydrogen yield in 
the combined substrates (in comparison to where aluminum or its alloys alone were) employed. 
An alkaline medium for the reaction was facilitated by the addition of calcium oxide [Ca(OH)2]. 
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The importance of the alkali medium to NaBH4 hydrolysis was demonstrated with the reported 
lower hydrogen production and rate in experiments conducted without Ca(OH)2.   
2.6.2 Aluminates 
Aluminum and its products are amongst the most important hydrogen generation materials [124]. 
Aluminum (Al) can generate hydrogen in water according to equation 2.9: 
2Al + 6H2O → 2Al (OH)3 + 3H2         (2.9) 
      
Aluminum is a rich reservoir of hydrogen with a volumetric H2 capacity of approximately 1244 
ml/g. Another benefit of aluminum for hydrogen production is its solid nature, which enables it to 
be stored safely and makes it less susceptible to fire hazard. Aluminum is regarded as one of the 
lightest metals, with an approximate density of 2700 kg/m3 [125]. This attribute offers a possible 
advantage of reducing the bulkiness of the hydrogen storage and generation system with the 
material[126]. Aluminum is also an important electrode in hydrogen in fuel cells (standard 
hydrogen electrode) due to its high alkaline nature, and the three valence electrons in its ion [127]. 
Moreover, sodium aluminate [2Al (OH)3] obtained through the hydrolysis process of aluminum 
can be used as a coagulant in water treatment plants. It can also find application in concrete 
industry for concrete solidification enhancement as well as in the pulp making process. The same 
material is also useful for prevention of fire outbreak [126]. Furthermore, aluminum for hydrogen 
production can be obtained from hydroxide synthesized from sodium aluminate, thus ensuring 
recycling of aluminum through the process of hydrolysis [128]. Hydrogen generation from 
aluminum and its products (such as scraps) is economically sustainable due to the relatively low 
cost of these materials; they are therefore one of the suitable hydrogen generation materials through 
hydrolysis. Like most metal substrates for hydrogen generation, reactions of aluminum with water 
for hydrogen generation can undergo passivation. The oxide layer that develops on the surface of 
aluminum which inhibits the H2 evolution rate; therefore alkali solutions with sodium hydroxide 
(NaOH) are the common alkali for ameliorating the kinetic challenge in aluminum H2 evolution 
process  with the hydroxyl ion (OH-) reaction with the protective layer on Al leading to the 
production of aluminum (II) oxide (AlO2
-) [126]. 
The reaction of aluminum with sodium hydroxide in the presence of NaOH for hydrogen 
generation can be represented is represented in equation 2.10 – 2.12:  
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2Al + 6H2O + 2NaOH → 2NaAl (OH)4 + 3H2        (2.10) 
      
NaAl (OH)4 → NaOH + Al (OH)3         (2.11) 
       
2Al + 6H2O → 2Al (OH)3 +3H2         (2.12) 
        
However, this reaction is destructive as NaOH is corrosive in alkaline environment, thereby 
making the approach unsuitable for onboard vehicular H2 applications and for domestic usage 
[129].  
On the role of alkaline hydroxides on hydrogen generation from aluminum, Soler and fellow 
workers [130], examined the catalytic effects of three alkaline hydroxides, namely: NaOH, calcium 
hydroxide (CaOH) and potassium hydroxide (KOH) on hydrogen production from aluminum and 
aluminum alloys. Authors reported a synergistic effect of the use of two experimental variables, 
namely temperature and alkaline solution concentration (KOH and NaOH), on H2 generation. 
Furthermore, satisfactory H2 production was observed in aluminum and aluminum alloy 
experiments using KOH and NaOH. The experiment with NaOH showed a faster Al corrosion rate 
for H2 production compared to KOH[130].  Furthermore, on the synergistic effect of aluminum 
composites, Xiao and coworkers [131] investigated the prepared ternary Al-Bi-Sn nanocomposites 
through a high energy ball milling process. The synergistic effect of the ternary composites on H2 
evolution through hydrolysis was investigated in tap water at 35 °C.  Interestingly the ternary 
metals (Al- Bi-Sn) did not mix or react together during ball milling, as exemplified by retention of 
the distinctive phases and crystals of each metal during XRD analysis. Nevertheless, the 
nanocomposites exhibited faster reaction kinetics, conversion rate and H2 yield during hydrolysis 
reaction, compared to the sample with Al only, which shows little to no hydrogen evolution. 
Hydrogen evolution of 9.5, LS-1g-1 was the highest recorded in the study.  The effect of ball milling 
time on the ternary nanocomposites was investigated with samples ball milled from 0.5h to 4h. 
The sample ball milled for 3h was the optimum ball milling time reported in the study. Conversely, 
the galvanic corrosion in Al hydrolysis remains a challenge in this study. The use of gallium (Ga) 
from Ga-Al composite has also been reported for the displacement of passivation of the reaction 
surface of Al during hydrolysis caused by inert oxide film on the surface of Al [132]. However, 
this approach is not sustainable for H2 production on a large scale due to the high cost of Ga and 
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the potential for limitation in supply due to low abundance of the material on the earth’s crust 
[133]. 
Ball milling of calcium oxide (CaO) and sodium chloride (NaCl) with Al was reported to yield 
higher H2 production in hydrolysis study. Evolution of H2 increased with ball milling time in a ball 
milling experiment carried out from 30 minutes to 2 hours. However, 1 hour ball milling time was 
reported as the optimum ball milling time by the authors [133]. The interaction of CaO with Al in 
the presence of water produces OH- which displaces the passivation layer in Al. The reaction 
kinetics was enhanced by the addition of NaCl to the composite as evidenced by the reduction of 
induction period from 1500 s to 600 s when NaCl concentration was increased from 0 to 10 wt%. 
NaCl was reported to have increased the crystallinity of the composite thus enhancing the 
reduction of constituent crystallite size through the welding process of the ball milling mechanism. 
Similarly, improved H2 evolution with NaCl concentration was suggested to have been caused by 
the possible increase in corrosion phenomenon of Al due to the reaction of the two materials, as 
corrosion is known to enhance H2 production in Al. 
2.6.3 Intermetallic compounds 
Intermetallic compounds are solid materials comprising of more than one, metallic or semi-
metallic elements with a definite structure and stoichiometry [134-136]. Moreover, intermetallic 
compounds have high melting point and are brittle at room temperature.  
Application of intermetallic compounds of aluminium for hydrogen production has been widely 
studied [137-140].  Moreover, activation of Al through intermetallic compounds for H2 evolution 
has been hampered by the  slowness of the reaction due to the passivation of Al reaction sites by 
oxide layer [141] and thermodynamic limitations (high reaction temperature and pressure 
requirements for a favourable hydrogen evolution reaction). Various techniques have been 
considered for the activation of Al. The inclusion of gallium (Ga) in the composites has resulted 
in improvement of reaction kinetics and thermodynamic favourability. For example, binary 
composite of Ga (Al-Ga) and quaternary Al-Ga-In-Sn composites were synthesised for hydrogen 
production by Ziebarth et al. [142]. The addition of Ga to the composites resulted in liquification 
of Al at a favourable temperature (9.3 °C) for the formation of eutectoid, which allows for the 
dispersion of Al for hydrogen production at lower temperature. However, the harmful nature of 
reaction products to the environment is a limitation to reaction sustainability. Addition of Ga to 
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the intermetallic composites as hydrogen generation substrates has reduced the toxicity 
phenomenon associated with Al activation. However, the drawback to the use of Ga is its high cost 
[143, 144]. Similarly, intermetallic Ga composites reactions also require a relatively high energy 
usage which also adds to the reaction cost, thus posing a limitation to the scaling up of the reaction 
method. Moreover, relatively-cost effective and environmentally-benign binary and ternary 
intermetallic composites of Al were synthesised though high energy ball milling techniques using 
bismuth (Bi) and indium (In) for hydrogen production through hydrolysis in the study by du Preez 
and Bessarabov [143]. In the study, authors reported a synergetic effect of In and Bi on Al with 
the activation of Al for H2 evolution through hydrolysis at ambient condition in an ultrapure water 
medium. When the synthesised binary composites Al-Bi and Al-In were examined for hydrolysis 
with ultrapure water at room temperature, Al-In had poor H2 evolution while Al-Bi hydrolysis 
reaction proceeded appreciably due to disparity in potentials between Al-In and the water (the 
former having higher overpotentials) [145]. A similar trend was observed in another study where 
alike substrates (Al, Bi, In) were examined for hydrogen production [146]. Among the different 
composite concentrations examined in the study, ternary composite Al-7.5% Bi-2.5% In was the 
optimum substrate for H2 generation, with 95.5% H2 yield among all substrate used in the study. 
Furthermore, water quality had a minimal effect on H2 evolution from the substrates (Al-Bi-In), as 
exemplified by the relative similar hydrogen yield pattern (about 95%) observed in hydrolysis 
reactions conducted with ultra-pure water, filtered water and tap water. Reaction temperature also 
had a modest impact on H2 yield from the composites. Interestingly, results for XRD 
characterization show that Al did not react with Bi and (or) In during ball milling to form 
intermetallic phase, however, Bi and In reacts together to form intermetallic phases during the 
mechano-synthesis stage with BiIn, BiIn3 and BiIn5 phases observed.  
Hydrogen generation from intermetallic compounds using the electrolysis technique has also been 
reported. During the electrolysis process of hydrogen production, intermetallic compounds have 
been used as a cathode electrode. Ni3Al and its modification (Ni3Al-Mo) have been reported to 
have improved catalytic and structural stability as electrodes in electrolytic cells. Wu and co-
workers [147], reported good hydrogen evolution performance from Ni3Al. The intermetallic 
compound exhibited excellent structural and morphological stability when tested as cathode in 
electrochemical cell using 6M potassium hydroxide (KOH) under long duration of time (over two 
weeks). The stability of the material and good catalytic performance in the electrochemical 
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experiment conducted with KOH as electrolyte gives credence to its potential good stability and 
performance of Ni3Al in real time hydrogen production reactions. In another study, Wu et al [148], 
synthesised porous Ni3Al-Mo through reactive ball milling of nickel (Ni), aluminium (Al) and 
molybdenum (Mo) and subsequent sintering through a stepwise heating at different temperatures 
from 600 °C. The synthesized material was reported to have excellent catalytic performance for 
hydrogen evolution reaction (HER) due to high surface area with an activation energy of 
approximately 25 kJ/mol.  
2.6.4 Magnesium and magnesium hydride 
Magnesium is one of the most prevalent elements on the earth’s crust. It is believed to be the eighth  
most abundant element in the universe [149].  In the evolving hydrogen economy, solid state 
hydrogen storage is a method of interest. Winsche and coworkers [150] have proposed the method 
for hydrogen storage as a rich reservoir of hydrogen gas. Other features of magnesium which make 
it one of the most sought-after hydrogen substrates include environmental sustainability as well as 
the products of its hydrogen generation and storage reactions. Moreover, magnesium/magnesium 
hydride reactions for hydrogen production are controllable despite the exothermic nature of the 
reaction, thus providing safe handling during reaction and application of the hydrogen fuel. 
Mg/MgH2 is relatively affordable compared to some substrates used for solid state hydrogen 
storage and generation experiments.  
Magnesium hydride (rutile α-MgH2) may be synthesized from magnesium through hydrogenation 
phenomenon. The basic equation for the reaction is represented in equation 2.13:  
 𝑀𝑔 + 𝐻2  ⇌ Mg𝐻2            (2.13)                                                                                  
The process (hydrogenation) is a reversible reaction, and reversibility is one of the benefits of 
hydrogen storage from Mg and MgH2. Alternatively, MgH2 can be synthesized from magnesium 
organic compounds which are more reactive when exposed to moisture, unlike the MgH2 
synthesized from the hydrogenation of magnesium, which is less reactive when exposed to 
moisture [151].  
When MgH2 is ball milled or Mg is ball milled in hydrogen, in ambient conditions, two major 
phases are usually observed. The first major phase is α-MgH2 (also referred to as β-MgH2 in some 
studies such as in the ball milling of MgH2 with other metals by Hout and fellow workers [16]). 
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This phase is usually associated with un-milled MgH2,or when MgH2 is ball milled at a low speed 
for a very short duration of time and is tetragonal in structure [152].  Furthermore, the second 
major phase usually observed in ball milled MgH2 or Mg (ball milled in hydrogen) is the 
orthorhombic ɣ-MgH2 phase. It is associated with ball milled MgH2 for long period of time or at a 
high ball milling speed. In the same vein, the transformation of α-MgH2 to ɣ- MgH2 occurred at 
mild pressure and temperature (8 GPa, 900 °C and below). The ɣ- MgH2 is metastable in nature 
and associated with improved kinetics and thermodynamic parameters, that is a reduction in 
desorption temperature and pressure and increased desorption kinetics [16, 153]. Moreover, the 
conversion of ɣ- MgH2 to α-MgH2 is possible at ambient conditions  (about 350 °C) [154] and 
approximately 250 °C when the reaction takes place in a vacuum [155].  
2.7 Ball milling 
Ball milling of light weight metals for hydrogen storage and production involves repeated 
mechanical attrition of the individual metal powders or two or more powders (composites) to 
reduce their crystal size via grinding and fracturing of the compounds for the synthesis of 
nanocrystalline composites [156]. Due to the increase in crystalline size and reaction surface area 
associated with ball milling of metal hydrides and complex metal hydrides for hydrogen storage 
and generation that is light weight metals, reaction kinetics (sorption) is enhanced for hydrogen 
storage and hydrogen evolution through hydrolysis [18], thus making ball milling one of the most 
utilised techniques for substrate synthesis for hydrogen storage in light weight metals .  
Furthermore, the application of ball milling techniques on metal and complex metal hydrides for 
hydrogen generation can be broadly but not strictly categorized into four, namely: mechanical 
grinding, mechanical alloying, reactive ball milling and mechanical amorphization, as shown in 
Figure 2.6. These methods shall be discussed briefly as follows: 
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Figure 2.6: Methods for Ball milling/mechano-synthesis of substrates for hydrogen generation 
2.7.1 Mechanical Grinding  
In mechanical grinding, nanostructured materials are synthesised via ball milling but devoid of 
change in the composition and phases [157]. When mechanical grinding is utilised, it is possible 
to produce materials of micrometer particle size, but further reduction of the particle size to nano- 
size through further milling may be non-feasible despite the reduction of the powders to 
nanocrystalline size. Furthermore, high force is usually exerted on the materials milled using a 
mechanical grinding technique. Solid materials treated with mechanical grinding may experience 
formation of defects [158].  
Moreover, mechanical milling has been proven to be a veritable powder treatment approach for 
the synthesis of nanoscale hydrogen storage materials with improved hydrogen storage capability. 
For example, Imamura and fellow workers conducted a series of studies [159-161], that examined 
the use of three organic acids (benzene, cyclohexene, and cyclohexane) for the synthesis of 
Mg/graphite (G) nanocomposites as hydrogen storage substrates. The nanocomposite hydrogen 
storage substrates were prepared through mechanical milling of Mg and G with the organic 
additives, while a set of nanocomposites was prepared without addition of additives. The 
nanocrystalline alloys synthesised from the mechanical milling with the application of organic 
additives exhibited higher hydriding potentials and hydrogen absorption qualities. Another 
interesting discovery in the study was the observation of novel hydrogen storage sites that were 
different from the magnesium in the alloy with reversible hydrogen uptake  [161].  
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In a novel study by Wang and co-workers [162], ingots of Mg alloy, La Mg16Ni produced from 
arc welding process was reduced to powder via mechanical milling with organic compound in 
tetrahydrofuran (THF). Their study reported improved reaction kinetics and a hydrogen yield of 
approximately 4.8 wt.% at relatively low temperature and pressure of 480K and 3.0 MPa 
respectively. Similarly, a hydrogen yield of approximately 4.0 wt.% was reported when the 
experiment was conducted at ambient temperature and pressure of 3.0 MPa. However, the authors 
could not explain the reasons for the enhanced adsorption and desorption performance based on 
mechanical milling in the presence of THF, despite the postulation of possible presence of an 
active reaction surface in the alloy. Furthermore, the authors suggest that the reason for improved 
thermodynamic performance of the sample could be due to charge transfer on the active surface 
during the mechanical grinding phenomenon. This development resulted in production of electron 
donor-acceptor (EDA) complexes which improved the surface activity on the materials. While 
mechanical milling is believed to enhance hydrogenation capacity of the materials, prolonged 
mechanical milling did not significantly improve hydrogenation in the study [162]. 
2.7.2 Mechanical alloying 
Mechanical alloying involves the milling or grinding of powdered metals or non-metals over a 
long period of time, leading to synthesis of an alloy. Furthermore, one of the unique features of 
mechanical alloying is the rearrangement of chemical classes between the starting materials and 
the alloys due to the long duration of milling [157, 158].  Shao et al. [163], synthesised binary  
alloy Mg50Co50 via mechanical alloying technique by ball milling in purified argon conditions  for  
30 minutes to 100 hours using Fritsch P5 Planetary ball mill. The ball to powder ratio was 20:1 
and materials were ball milled at low speed (200 rpm). Interestingly, the synthesized Mg50Co50 
exhibited satisfactory interstitial hydrogen storage capacity with 2.67 wt. % (mass) hydrogenation 
and 0.47 wt. % H2 desorption at 258 K and 8 MPa. Furthermore, the ball milling procedure 
(mechanical alloying) resulted in the synthesis of nanocrystalline Body-Centered Cubic (BCC) 
lattice structure compound with an average 0.3 nm wherein amorphous and crystalline phases 
coexisted. Figure 2.7a, b, c. is the bright, dark field TEM images and SAD pattern of the 
synthesized binary alloy showing the nanocrystalline and phases in the alloy material.  
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Figure 2. 7: (a) Bright-field TEM, (b)  dark field TEM and (c)indexed Selected area diffraction 
(SAD) pattern of Mg50Co50 bcc alloy after 100 milling, reprinted with permission [163] 
 
Furthermore, in another study, the XRD pattern of binary alloy of Co50Ti50 with BCC crystalline 
structure was reported to co-exist with the amorphous phase of the material [164]. Moreover, the 
study was one of the first studies to carry out a detailed examination of structural and 
morphological changes in binary alloy milling using mechanical alloying milling technique. Their 
investigation revealed the coexistence and transformation of amorphous and BCC crystalline 
phases between milling durations. Similarly, using the alloy of CoTi, El-Eskandarary et al. [165], 
reported single BCC amorphous phase from the alloy binary alloy Co75Ti25 synthesized through 
mechanical alloying technique. In a similar trend to the study on Co50Ti50, the material exhibited 
intermittent transformation of phases from amorphous to crystalline BCC crystal structures at 
various stages of milling. For example, in the early stage of ball milling (about 3 hours) amorphous 
material was synthesised and evolved to a metastable BCC Co3Ti phase after 23 hours of milling 
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which later transformed into amorphous Co75Ti25 phase after 100 hours of milling. The 
development was attributed to lattice defects in the material caused by the milling process.  
2.7.3 Reactive ball milling 
Reactive ball milling is one of the veritable milling techniques for synthesis of alloys and new 
materials for solid state hydrogen generation and storage. One of the key features of reactive ball 
milling is milling of the powders under different gas atmospheres. In the context of solid state 
hydrogen storage and generation, this method is employed for the synthesis of metal hydrides with 
metastable phases  through ball milling of metals under hydrogen atmosphere and  definite 
pressure [157, 166]. Using this technique for synthesis of metals hydrides, various parameters, 
such as ball milling time, quantity of hydrogen in the milling vial, and ball to powder ratio can be 
stipulated. Reactive ball milling also provides a useful means of evaluating the hydrogenation and 
dehydrogenation properties of the samples by monitoring desorption temperature and pressure 
during the experiment. For example, hydrogen storage parameters were monitored during reactive 
ball milling of Mg and Ti in the study conducted by Shao and fellow workers [167]. The sharp 
reduction in hydrogen pressure during the reactive ball milling in the study (from 30 MPa to below 
23 MPa within 2hours) as shown in Figure 2.8 represents high hydrogen desorption, while the 
normalisation of hydrogen pressure after the onset of the reaction represents saturation of the 
absorption reaction.  
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Figure 2.8: Hydrogen pressure vs. milling time during the high ball milling process of Mg and Ti 
powder mixture under an initial hydrogen pressure of 30 MPa, reprinted with permission [167]. 
Furthermore, in an effort to improve the slow reaction kinetics and reduce the thermodynamic 
limitation of MgH2 (high dehydrogenation and hydrogenation temperature and pressure), reactive 
ball milling technique was employed for the synthesis of (1-y)MgH2+yTiH2 nanocomposite with 
Mg and Ti as precursors in the study conducted by Acosta and co-workers [168]. The substrates 
were ball milled at 400 and 800 rpm, with a ball to powder ratio of 60:1.  Investigations of the 
thermodynamic and kinetic properties of the as synthesized substrates [(1-y)MgH2+yTiH2)], 
showed improved thermodynamic properties through  the reduction of the hydrogen desorption 
temperature  The results from the hydrogen sorption and desorption investigations shows the 
synthesised nanocomposites showed improved kinetics performance that is hydrogen sorption with 
respect to Ti concentration. Conversely, as depicted in Figure 2.9, concentration of Ti in the 
composite resulted in detrimental thermodynamic performance with poor reversibility 
performance. The best reversibility of 4.9wt% H2 was recorded at the least Ti concentration of 
0.025 in the study[168] 
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Figure 2.9:Reversible and irreversible contributions to hydrogen storage in (1-y)MgH2+yTiH2  
nanocomposites (▲=Total hydrogen capacity, ■ = H-capacity of MgH2 counterpart,  ● = 
experimental H-reversible capacity), reprinted with permission [168]. 
 2.7.4 Mechanical Amorphization process 
Synthesis of materials through mechanical amorphization involves ball milling through 
mechanical grinding to produce amorphous materials. Amorphous Mg and Zn alloy (Mg70Zn30) 
was synthesised by mechanical milling of Mg and Zn precursor materials in helium atmosphere at 
200 rpm [169]. Prior to the mechanical attrition of the alloy, the precursors were melted using a 
tantalum crucible. The phases observed varied with ball milling time predominantly with 
crystalline and amorphous however, at longer milling duration  (about 58 hours) the amorphous 
phases became prominent based on observations from XRD analysis reported by the authors [169]. 
Conversely, in the study under review [169] and most of the studies on Mg alloy synthesis via 
amorphization technique does not involve hydrogen storage and generation or improvement of 
material properties for hydrogen purpose, but rather for the improvement of mechanical, thermal 
or corrosion resistance properties of the synthesised alloys.  
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Varin et al. [170], provided insight on amorphization and nanostructuring phenomenon of Mg2Ni 
and MgNi2 binary alloys phases synthesized during mechanical milling of precursors binary alloy 
(Mg-Ni) using uniaxial ball mill. The two fractions of the Mg-Ni alloys exhibited divergent 
evolution of phases with formation of incomplete amorphous while the second phase in the 
precursor alloy exhibited non- amorphization of Mg2Ni phase.  
In conclusion, these methods of ball milling/mechano-chemical synthesis can be interwoven and 
they all result in different structural and morphological characteristics of the end products from 
the milling process. Furthermore, these changes are influenced by other parameters during the 
milling process; these parameters which include the ball milling time, ball to powder ratio, the 
milling speed, materials used to make the ball milling vial and balls (such as tungsten carbide, 
zirconium, and stainless steel). Moreover, the milling atmosphere such as ambient or inert 
environments (amongst others, argon, helium, and hydrogen) and the milling temperature may also 
play a crucial role in the structures and phase features of the milled powders.  
2.8 Summary  
In summary, there is a renewed interest in use of renewable and green energy due to various 
advantages, of which environmental friendliness is key. Hydrogen itself is an energy carrier which 
could be stored and transported in various forms. Among the different forms of hydrogen energy 
sources, light weight metals are useful materials for hydrogen generation and storage. In this 
chapter, different light weight metals- mainly metal hydrides and complex metal hydrides - have 
been discussed for hydrogen generation and storage. Among the light weight metals for hydrogen 
generation, magnesium and magnesium hydride have been widely used recently due to their 
different attributes such as abundance and prevalence, relatively moderate cost, high volumetric 
hydrogen content, minimal harmful effects of reaction, and minimal effects of byproducts on the 
environment. Conversely, attempts to store hydrogen in magnesium and magnesium hydride have 
been limited due to poor reaction kinetics and thermodynamic limitations caused by high hydrogen 
desorption temperature and pressure [153]. Furthermore, hydrogen production from magnesium 
hydride suffers from poor reaction kinetics, necessitating acceleration of the hydrogen production 
reactions (mainly hydrolysis) with catalysts/accelerators of different types such as titanium, 
platinum, hydrochloric acid, acetic acid and citric acid. Another common interventionistic 
approach to improving the kinetics and thermodynamic limitations in light weight metals is ball 
milling. Ball milling increases reaction surface area of the crystals in light weight metals. 
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Fracturing of the crystals due to cold welding increases the nucleation process and the hydrogen 
release phenomenon. Similarly, ball milling ensures the synthesis of new or hybrid compounds 
with better hydrogen storage and generation properties, such as lower dehydrogenation and 
hydrogenation temperature and pressure and faster hydrolysis kinetics for hydrogen generation 
[22]. Different ball milling techniques such as mechanical grinding, mechanical alloying, reactive 
ball milling and mechanical amorphization were discussed in this chapter. In this study, ball 
milling technique was used for synthesis of new compounds with improved hydrogen generation 
and storage capacity. Similarly, organic acids namely acetic acid and citric acid with less harmful 
environmental effects (compared to strong acids and rare earth metals) were used for hydrolysis 
of magnesium hydride and magnesium hydride-based nanocomposites. The next chapter focuses 
on the discussion of the experimental procedures and materials employed for hydrogen generation 
and storage from magnesium hydride and magnesium hydride nanocomposites in this study. In 
addition, application of these materials and magnesium scrap for wastewater treatment through 
hydrolysis reaction will be discussed.  
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CHAPTER THREE 
3.0 Experimental Methods 
3.1 Introduction 
This chapter provides information on the various materials used in this study as well as the 
procedures employed to accomplish the set objectives. This chapter is divided into experimental 
materials, methods and experimental design.  
3.2 Experimental Materials 
Deionized water obtained from Direct-Q reverse Merck water purification system was used 
throughout the study. All chemicals used for experimental works in this study were of analytical 
grade. Table 3.1 showed the list of major chemicals and materials used for experimental works.  
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Table 3.1: List of materials and chemicals  
Material Source Other information 
Ultra-pure water Merck Millipore water purification 
system 
Resistivity > 10 MΩ-cm 
Magnesium hydride Rockwood Lithium, Germany Used as delivered and 
ball milled for various 
durations 
Lithium aluminum 
hydride 
Sigma Aldrich, Germany Used as delivered and 
ball milled for five hours 
Sodium aluminum 
hydride 
Sigma Aldrich, Germany Ball milled for five hours 
Germanium Across Organics, USA Ball milled for different 
durations. 
Mg scrap National Chung Hsing University, 
Taiwan. 
 
Acetic acid Labchem, South Africa Diluted to various 
concentrations with either 
ultra-pure water or 
brewery wastewater. 
Citric acid Labchem, South Africa Dissolved in ultra-pure 
water.  
Flowmeter (F100) Fujikin, Japan  
Water bath Julabo, TW 20, Germany  
Ball mill Fritsch F6 planetary mill Operated at 300 rpm 
Wastewater Brewery (Johannesburg, South Africa)  
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3.3 Method and Experimental Design 
In this section, detailed information on how the experiments were designed, and the methods used 
in achieving the set objectives, was given. The major experimental design and protocols discussed 
in this section include: 
▪ Preparation of hydrogen generation and storage substrates 
▪ Material characterisation 
▪ Hydrogen storage analyses  
▪ Hydrogen generation experimental procedure and design 
▪ Wastewater characterisation  
3.3.1 Preparation of hydrogen generation and storage substrates 
3.3.1.1 As delivered MgH2 and LiAlH4 and Mg Scrap 
Commercial MgH2 powder (Rockwood Lithium, 99.8%) was used as a precursor in all 
experimental investigations involving MgH2 , which was used as delivered without further 
treatment and subsequently referred to as “as delivered MgH2” in the experiments carried out in 
sections 4.2.1, 4.5 and part of section 4.3. Where the as-delivered MgH2 has undergone further 
treatment, it is stated and named accordingly. 
Furthermore, commercial lithium aluminum hydride (LiAlH4) was employed as hydrogen 
generation substrate in parts of the experiments as presented in section 4.6.  
Mg scrap as shown in Figure 3.1, similar to the type used by Uan et al.[171] in their sea water 
hydrolysis study was employed as a hydrolysis substrate in acetic acid and wastewater solution 
experiments reported in section 4.7. For each hydrolysis experiment reported in section 4.6, 3.8g 
Mg scrap prepared by cutting the Mg scrap shown in Figure 3.1 to smaller portion and accurately 
weighed with a weighing scale was used.  
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Figure 3.1: Mg scrap waved plate coupled with stainless-steel net (top) and the cut Mg scrap plate 
(bottom left) and stainless-steel net (bottom right) 
3.3.1.2 Synthesis of substrates through ball milling 
Synthesis of nanocomposites hydrogen generation and storage substrates in this study was done 
through ball milling. Ball milling (BM) of the magnesium hydride and metal/complex metal 
hydrides powders (Ge, LiAlH4 and NaAlH4) was done using Fritsch F6 Planetary mill loaded with 
tungsten carbide vial and balls (Figure 3.2 and Appendix A2). The ball to powder ratio of 30:1 
was employed in all ball milling experiments. The loading and unloading of all milled samples 
were done inside an argon purified and purged glove box (MBraun-MB200B) to prevent oxidation 
as can be seen in Appendix A1. Furthermore, to minimize oxidation due to oxygen intrusion, all 
samples were ball milled under argon at a rotational speed of 300 rpm (see Appendices A2 and 
A3). Similarly, hydrogen and storage powders were kept in inside the glove box (see Appendix 
A1).  
The subsections 3.3.1.3 and 3.3.1.4 provide further details on ball milling of each group of 
nanocomposites used for each category of experimental investigations. 
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Figure 3. 2: (a) Loaded Tungsten Carbide ball mill vial used in the study. (b) Unloaded ball mill 
vial and balls 
 
3.3.1.3 Synthesis of MgH2-Ge via ball milling: 
Different powders were used as hydrogen generation and storage substrates in the experimental 
investigations involving MgH2-Ge nanocomposites. Table 3.2 contains the list of major chemicals 
used for the hydrogen generation and storage experiments with MgH2-Ge nanocomposites as 
presented in section 4.4.  
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Table 3.2: List of the samples studied in the MgH2-Ge balling experiments 
Notation Ge additive 
(wt.%) 
Milling time (h) 
1GMH 5 1 
2GMH 5 2 
5GMH0 0 5 
5GMH1 5 5 
5GMH2 10 5 
5GMH3 15 5 
5GMH4 20 5 
10GMH 5 10 
 
3.3.1.4 Synthesis of MgH2-LiAlH4-NaAlH4 nanocomposites via ball milling 
 
To further study the synergistic effect of other light weight metals on MgH2 hydrogen generation, 
MgH2- LiAlH4-NaAlH4 nanocomposites were synthesized.  
LiAlH4 powder (95% purity, Sigma Aldrich), MgH2 (Rockwood Lithium, 99.8%) and NaAlH4 
(93% purity, Sigma Aldrich) were purchased and used as supplied as the hydrogen generation 
substrate in the hydrolysis of LiAlH4 experiment.  
 MgH2, LiAlH4 and NaAlH4 were mixed in 8:1:1 ratio thus constituting 80 wt.% MgH2, 10 wt.% 
LiAlH4 and 10 wt.% NaAlH4. The MgH2-LiAlH4-NaAlH4 nanocomposite was obtained via ball 
milling of the mixture of the powders for five hours. Other nanocomposites synthesized for the 
study involving MgH2-LiAlH4 and NaAlH4 include MgH2+ LiAlH4 mixed in the ratio 8:2 
respectively (80% MgH2, 20% LiAlH4) and MgH2-NaAlH4 (mixture of 80% MgH2 and 20% 
NaAlH4). All samples were ball milled for five hours. The list of substrates used for hydrolysis 
experiments in this subsection are presented in Table 3.3. The hydrolysis results are presented in 
section 4.6 
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Table 3.3: List of samples studied in the MgH2-LiAlH4-NaAl4 ball milling experiments 
Samples Notation LiAlH4 additive 
(wt.%) 
NaAlH4 additive 
(wt.%) 
MgH2 
(wt.%) 
Milling time 
(h) 
LiAlH4 LH 100 0 0 0 
MgH2- LiAlH4 MGLH 20 0 80 5 
MgH2, NaAlH4 MGN 0 20 80 5 
MgH2-LiAlH4-
NaAlH4 
MGLHN 10 10 80 5 
LiAlH4 precipitate  LH-PPT    0 
MgH2- LiAlH4-
NaAlH4 precipitate 
MGLHN-PPT    5 
* LH-PPT and MGLHN-PPT are precipitates from the hydrolysis of LH and MGLHN respectively 
in wastewater as presented in section 4.5 
 
3.4 Material characterisation 
Various analytical techniques were used for the characterisation of the hydrogen generation and 
storage substrates used in this study.  
3.4.1 Morphological and structural characterization 
3.4.1.1 XRD 
Xray-ray diffraction characterization of hydrogen generation and storage substrates used in this 
study was accomplished with the aid of a Bruker AXS D8 Advance instrument (USA), and  using 
Cu-Kα, λ1=1.5406Å, λ2=1.5444 Å, 2ϴ = 10-90º with a step of 0.035°. Furthermore, α-Al2O3 was 
employed as the standard sample for establishing the impact of the equipment on the peak profile 
of parameters. Thereafter, the Rietveld full profile analysis of the data was achieved using the 
General Structure Analysis System (GSAS) software [172, 173]. 
3.4.1.2 TEM 
The transmission electron microscopy (TEM) investigation was carried out using a JEOL JEM-
2100 electron microscope. The samples were prepared by suspension in ethanol (99%), sonicated 
to achieve homogeneity and dropped onto copper grids with holey carbon structures. Besides 
taking the TEM images, Energy Dispersive Spectroscopy (EDS) and Selective Area Diffraction 
(SAD) analyses were performed as well using the EDS machine couple to the TEM facility.  
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3.4.1.3 SEM 
SEM characterization of the AD MgH2 and Mg scrap was conducted to provide adequate 
information on their surface morphology. The SEM characterization of AD MgH2 was done using 
a JSM 7600F Joel ultra-high-resolution field emission gun scanning electron microscope (FEG-
SEM) [174]. Moreover, a Vegan 3 Tescan (Tescan Brno-Kohouttovice) operated at 120 kV 
accelerating voltage with the aid of a secondary electron detector was used for the structural and 
morphological characterisation of Mg scrap before and its hydrolysis precipitate. EDS analysis 
was performed on the two samples for the characterization of their elemental composition.  The 
materials were carbon sputter coated prior to the analysis using a Quorum Q300T ES. 
 
3.4.2 Hydrogen storage analyses 
To achieve the milestones of this study on improvement of hydrogen storage thermodynamic and 
kinetics parameters through ball milling and synergistic hydrogen storage potential through 
synthesis of composites. The following analyses were conducted on the synthesised composites 
MgH2-Ge composites to evaluate the improvement in hydrogen desorption (dehydrogenation) 
temperature, pressure, and re-hydrogenation temperature.  
3.4.2.1 Thermogravimetric analysis (TGA)/Differential scanning calorimetry (DSC) 
The gas-phase dehydrogenation and re-hydrogenation properties of the ball milled (synthesised) 
MgH2-Ge nanocomposites were studied. TGA/DSC analyses were carried out on the samples with 
the aid of STA 8000 thermal analyser (Perkin Elmer) as can be seen in Figure 3.3. For each 
experiment, about 20-50 mg of the samples were used and heated at 2, 5 and 10 °C/min (T=30–
500 °C). Argon with a flowrate of 100 mL/min was used for purging during the experimental 
investigation.  
The temperatures and heat flows measured by the DSC instrument were calibrated using the 
following reference materials [175]: 
• Sn: melting point 231.91±0.03 °C, enthalpy of melting 7.196±0.125 kJ/mol; 
• Pb: melting point 327.43±0.01 °C, enthalpy of melting 4.769±0.041 kJ/mol; 
• Ag: melting point 961.93±0.2 °C, enthalpy of melting 11.296±0.125 kJ/mol 
Before the processing DSC spectrum, the background/baseline was subtracted, and the resulting 
difference divided by the starting sample weight to yield specific heat flow in W/g.  
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The DSC data was further processed using the Kissinger method [176] to yield apparent activation 
energy, EA, for the endothermic process of hydride decomposition using the following equation: 
ln (
𝛽
𝑇𝑚
2 ) = ln (
𝑍 𝑅
𝐸𝐴
) −
𝐸𝐴
𝑅 𝑇𝑚
; (3.1) 
where  [K/min] is a heating rate, Tm [K] is the peak temperature, R=8.3143 J/(mol K) is a universal 
gas constant, Z [1/min] and EA [J/mol] are, respectively, pre-exponent and activation energy of the 
Arhenius equation determining the temperature dependence of the rate constant. The value of 
𝐸𝐴
𝑅
 
was then determined from a slope of the Kissinger plot of 𝑦 = ln (
𝛽
𝑇𝑚
2 ) versus 𝑥 =
1
𝑇𝑚
 [177]. 
The analysis of broad DSC peaks of the ball milled samples also included their deconvolution 
according to a simplified procedure described in the study by Lototskyy et al. [178] The resulting 
DSC “peak”, Q(T), was assumed as a superposition of several processes resulting in the 
overlapping of the corresponding DSC peaks, q(T), having different parameters: 
𝑄(𝑇) = ∑ 𝑞𝑖
𝑛
𝑖=1 (𝑇). (3.2) 
The constituent peaks were modelled by a Gaussian function: 
𝑞(𝑇) = 𝐴 exp [−
(𝑇−𝑇𝑚)
2
2 𝑤2
]; (3.3) 
where A is peak amplitude, and w is the peak width parameter related to the full width at half 
maximum (FWHM) as: 
𝐹𝑊𝐻𝑀 = 2 𝑤 √ln(4).                                                                                              (3.4) 
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Figure 3.3: DSC experimental investigation set up 
 
3.4.2.2 Thermal Desorption Spectroscopy (TDS) Analysis 
Thermal Desorption Spectroscopy (TDS; dynamic vacuum, T=20–550 °C, ramp rate 5 °C/min) 
analysis was conducted to ascertain the hydrogen desorption (dehydrogenation) temperature and 
pressure, followed by the re-hydrogenation at T~300 °C and P(H2) ~15 bar. The TDS – re-
hydrogenation studies were carried out using in-house built Sieverts-type volumetric installation 
(HySA Systems, see Figure 3.4) [172]. As described in the reference material [172], 200-400 mg 
of the substrate was loaded into the reactor inside the purified argon pugged glove box to avoid 
oxidation and contamination of the materials. Thereafter, the reactor was evacuated at room 
temperature to a pressure above 104 mbar (Figure 3.5). Similarly, the established H2 flow rate of 
the reactor was employed in the calibration of the vacuum sensor. 
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Figure 3.4:Manually assembled Sievert Apparatus 
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Figure 3.5:Sample holder/ reactor for Sievert apparatus. 
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3.5 Hydrogen generation 
Hydrogen generation by hydrolysis was studied using facilities assembled at the Department of 
Mechanical Engineering Science, University of Johannesburg. Figure 3.6 shows the schematics 
of the experimental setup. For each hydrolysis experiment, the desired quantity and type substrate 
(A in Figure 3.6) were placed inside a 2L three-neck borosilicate round-bottom flask.   
Thereafter, the reaction solution for each experiment as designed (represented as B in Figure 3.6) 
was supplied through a funnel connected to the central neck of the flask. The temperature of the 
reaction was measured by a thermometer inserted in the flask through one of its necks. A hydrogen 
output pipeline was attached to another neck of the flask. Opening the valve on the funnel marked 
the commencement of each round of hydrolysis experiment (start of data logging). Hydrogen gas 
flew through a tube, a bubbler, a separator (for removal of mist from a gas flow) and a filter (for 
adsorption of moisture and other impurities) to the flowmeter (Fujikin T1000) connected to a data 
logger. The logged data (50 measurements per a second) were recorded using PC. Each test was 
carried out two times to confirm reproducibility of the results. 
The quantity of substrate for each experiment, the reaction temperature and composition of 
hydrolysis solutions differ and are indicated for each experiment where it was discussed in chapter 
four. The reaction flask was immersed in a water bath maintaining the constant temperature, thus 
providing a means for regulating the reaction temperature. 
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Figure 3. 6: Experimental set up for hydrogen generation via hydrolysis of substrates in this study 
Where; A: Substrate type and concentration used for each experiment (as indicated in chapter four), B: Hydrolysis 
solution type and composition for each experiment (as indicated in chapter four). 
3.6 Wastewater characterization 
3.6.1 Wastewater sampling and preservation 
Anaerobic digestion wastewater was used for experiments involving wastewater treatment. The 
wastewater was sampled from a brewery wastewater treatment plant in Johannesburg, South 
Africa. The grab sampling technique was used for the sampling of wastewater in this study. 
Furthermore, wastewater was kept in the cold room  (below 4 °C) to preserve its composition in 
line with wastewater preservation standard practice [179].  
3.6.2 Wastewater treatment evaluation 
One of the major milestones accomplished in this study is the simultaneous hydrogen generation 
and wastewater treatment through hydrolysis. The procedure was applied successfully for 
treatment of brewery wastewater using the following substrates: MgH2, LiAlH4, NaAlH4 and Mg 
Scrap. Wastewater treatment using this method was evaluated using various 
characterisation/analytical techniques namely: Chemical oxygen demand (COD), Fourier 
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transform infrared spectroscopy (FTIR), Gas chromatography -mass spectroscopy (GC-MS) and 
Ultraviolet Vis (UV-Vis) Spectroscopy.   
3.6.2.1 Chemical oxygen demand  
Characterisation of hydrogen generation influent and effluent using COD technique  was done 
using closed reflux calorimetric methods (DR 3900). The difference between influent and effluent 
COD content was used for the calculation of COD removal (%) values.  
3.6.2.2 Ultraviolet vis spretroscopy 
UV analysis was conducted on selected solutions (as shown in Table 3.4) to evaluate the 
degradation of pollutants presents in wastewater by comparing UV-Vis absorption spectra in the 
samples. This can provide insight into  wastewater treatment alongside with hydrogen generation. 
The analyses were carried out using UV-1800 Shimadzu UV spectrophotometer. 
3.6.2.3 Fourier transform infrared spectroscopy 
FTIR analyses were conducted on the wastewater and hydrolysis solutions using Spectrum Two 
FTIR, fitted with Diamond attenuated total reflectance (ATR). The spectra were recorded  between 
400-4000 cm-1.  
Table 3.4: UV samples description and nomenclature 
Sample Composition Nomenclature 
1 Deionized water DIW 
2 40 ml deionized water +10 ml acetic acid after hydrogen generation 50 wt% aa 
3 Pre-anaerobic digestion wastewater wwa 
4 40 ml pre-anaerobic digestion wastewater + 10 ml acetic acid after 
hydrogen generation 
20 wt% wwaa 
5 35 ml pre-anaerobic digestion wastewater + 15 ml acetic acid after 
hydrogen generation 
30 wt% wwaa 
6 30 ml pre-anaerobic digestion wastewater + 20 ml acetic acid after 
hydrogen generation 
40 wt% wwaa 
7 25 ml pre-anaerobic digestion wastewater + 25 ml acetic acid after 
hydrogen generation 
50 wt% wwaa 
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3.6.2.4 Gas chromatography-mass spectroscopy 
The Gas chromatography-mass spectroscopy (GC-MS) analysis was performed using a Shimadzu 
QP2010 fitted with an ultra mass spectrometer interface connected to a gas chromatography. The 
experimental protocol involves the use of 1µl of the sample injected into the injection port of the 
gas chromatography. The column size is 30m 0.25 mm ID Rtx-5ms. The GC conditions include: 
Injection temperature: 220oC, Initial oven temperature: 60oC, Injection mode: Splitless, Ramp: 
20oC, Final temperature: 280oC, Final temperature hold: 35min and MS parameter such as 
ionization and ion polarity: El+, Scan rate: 2 scans/sec at 35 minutes interval, Mass range: 35-500 
Da, Ion source temperature: 200oC, Interface temperature: 250oC were used to separate the 
components. Helium was used as a carrier gas with a split ratio of 50. Data treatment was achieved 
by using the identification of components with Shimadzu post-run software. Furthermore, the 
component was identified using the NIST mass spectral library. 
3.6.2.5 Ancillary tests  
pH and elctroconductivity tests were carried out on some of the solutions used in the study. The 
pH of the solutions before and after hydrogen generation was measured with a pH meter XS 
Instruments pH meter 8.0 ( Swistzerland) equipped with an electrochemical sensor probe.The EC 
of solutions  were examined using Hanna Instruments multifunction portable EC meter (USA). 
3.7 Summary 
In this chapter, details on the experimental protocols and materials used for achieving the 
objectives set in this study were presented. These entail provision of comprehensive information 
on the synthesis of hydrogen generation and storage substrates through ball milling. Similarly, 
different characterisation techniques of the substrates such as TEM, SEM and XRD were provided. 
The details on the experimental conditions for hydrogen generation via hydrolysis reaction with 
the synthesised substrates were equally discussed. Furthermore, hydrogen storage analyses using 
different techniques such as TDS, TGA, DSC were employed for the analyses of hydrogen storage 
potentials of the synthesized MgH2-Ge nanocomposites. Applications of hydrogen generation 
substrates such as MgH2, Mg scrap and the as synthesized MgH2 nanocomposites (MgH2-LiAlH4, 
MgH2-NaAlH4, MgH2-LiAlH4-NaAlH4) for hydrogen generation and wastewater treatment were 
discussed. 
Different techniques for the wastewater treatment characterization such as COD, FTIR and GC-
MS were also discussed.  
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The next chapter provides results and discussion on various hydrogen generation and storage 
experiments conducted in this study. 
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CHAPTER FOUR 
4.0 Results and Discussion 
4.1 Introduction 
This chapter introduces the results obtained for the investigation of MgH2 for generation of 
hydrogen through hydrolysis in the presence of composite materials. The application of different 
process procedure and protocol was discussed. The hydrolysis experimental procedure with 
deionized water and brewery wastewater was highlighted.  
This section comprises the introduction for each milestone achieved in the course of investigation, 
results and discussions and summary of each of the major findings on the treatment, application 
and characterization of material employed in this study.  
4.2 Hydrogen generation from magnesium hydride by hydrolysis in acetic acid diluted 
solution 
Hydrogen storage could be achieved through various means such liquid or cold hydrogen storage 
(cryogenic), pressure hydrogen storage, steam reform, biohydrogen storage such as hydrogen 
storage in wastewater, carbon nanotubes, solid state hydrogen storage in metal and complex metal 
hydrides[19, 180, 181]. Solid state hydrogen storage particularly metal hydrides have attracted 
attention due to its relative safe storage thus making it an alluring candidate for on board vehicular 
fuel applications. Furthermore, most metal hydrides have high specific hydrogen volumetric and 
gravimetric volumes[182]. Magnesium hydride (MgH2) is one of the leading candidates among 
metal hydrides for solid state hydrogen storage purpose. The development is due to some of the 
endearing characteristics of the MgH2. For example, MgH2 is relatively cheap compared to 
majority of the metal hydrides. In the same vein, magnesium (Mg) a major component of MgH2 is 
abundant in earth crust. It is regarded as the eighth most abundant element in the earth crust [149, 
183]. Furthermore, other advantages of MgH2 as a hydrogen storage substrate include its non-
corrosive nature which makes it an environment benign hydrogen generation and storage 
material[184, 185]. Similarly, MgH2 has high volumetric hydrogen storage capacity of about 7.6 
wt.%.   
However, hydrogen storage in MgH2 like most metal and complex metal hydrides is hampered by 
slow reaction kinetics and poor thermodynamics, the thermodynamic challenge being high 
reaction enthalpy and entropy. Consequently, high temperature is required to desorb the hydrogen 
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embedded in the matrix of the MgH2. This application of heat leads to increase in reaction cost 
thereby limiting scale up of the hydrogen storage technology. Furthermore, different researchers 
have explored use of various materials or compounds as catalysts in a bid to lessen the poor 
reaction kinetics and unfavourable thermodynamics limitations to the utilization of MgH2 as 
hydrogen storage medium. Noble metal catalysts such as platinum have been used and reported to 
catalyze hydrogen desorption or release in metal hydrides but the major limitation of the 
intervention is the prohibitive cost of platinum metal to large scale hydrogen storage and 
generation [26]. Moreover, some of the reaction products of noble metal catalysis of hydrogen 
storage in metal and complex metal hydrides are toxic to the environment [185]. The use of ball 
milling technique with its attendant increase in reaction surface area due to reduction in crystalline 
sizes of the substrates has been reported to increase reaction kinetics and improve thermodynamic 
properties of hydrogen storage experiments. Moreover, fracturing of the metal hydrides crystals 
due to the milling process improves nucleation reaction which further enhances hydrogen 
desorption [22]. However, despite the successes recorded in hydrogen generation using ball 
milling, the quantity of hydrogen released is not enough for the use of the technology in large 
scale. Organic acids have also been used as accelerators for hydrogen release from metal hydrides. 
The advantages of this technique include relative cheap low cost of the organic acids and their 
nontoxic nature. To ameliorate the challenges of unfavourable thermodynamic and slow reaction 
kinetics that have limited the scale up of hydrogen storage in metal hydrides, interventions of 
increased reaction temperature are among the interventionist approach employed.  
However, the application of heat to the experiments further adds to the reaction cost because of 
the cost of powering the temperature regulators/water baths used for such purposes. Consequently, 
a successful elimination of need to raise reaction temperature above room temperature would 
reduce reaction cost, thus driving the hydrogen storage technique towards sustainability. Thus, 
optimization of reaction temperature will provide insight into hydrogen yield with regards to 
reaction temperature. In this section, optimum reaction temperature for hydrogen generation was 
investigated. Furthermore, the role of substrate weight (MgH2) and acetic acid concentration on 
hydrogen yield were examined. Moreover, besides, the study on as delivered MgH2, the H2 
evolution performance of as delivered MgH2 was compared with 1 ball milled H2. Furthermore, 
optimization of aa concentration for H2 evolution was investigated on the 1h BM MgH2.    
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4.2.1 Hydrogen generation from MgH2 through hydrolysis 
The reaction of MgH2 with water for evolution of hydrogen is an exothermic reaction. The results 
of the hydrolysis experiments of the two types of substrates used in the study reported in this 
section are summarized in Table 4.1 (AD MgH2) and 4.2 (AD MgH2 and 1h BM MgH2). The 
tables also contain the ratio of amount of H2 (integrated flow rate) released during various duration 
of time to the theoretical amount of H2 in the substrate based on the quantity of MgH2 used for 
each experiment (0.2, 0.4, 0.6, 0.8 and 1.2g). The advantage of this approach is that it provides 
detail information on the effective percentage hydrogen yield from each experiment in relation to 
the quantity of substrate used, in addition to the hydrogen production value (Normal litre- NL).   
For all Figures in this Section (4.2.1), curves 1 is the hydrogen yield from 0.4g MgH2, curve 2 is 
the H2 evolution from 0.8g MgH2 and curve 3 represent H2 generation from 1.2g MgH2 samples. 
Similarly, curves a, b, c, represent the hydrogen flow rates for experiments with 0.4, 0.8 and 1.2g 
MgH2 respectively.  
4.2.2 Magnesium hydride weight and acetic acid concentration influence on hydrogen yield 
Figures 4.1A-4.4A shows hydrogen evolution kinetics from the AD MgH2 at different acetic (aa) 
concentration in experiments conducted at 50 °C external temperature, while Figures 4.1B-4.4B 
show the flow rate from the respective experiments.  
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Table 4. 1: Summary of MgH2 + aa hydrolysis experiments 
Experiment Sample 
Characteristics 
Hydrolysis 
Condition 
 Hydrogen Production 
Performance 
                                  
 
   
 Notation C (wt.%) 
H2O + aa 
T 
(°C) 
Max. H2 
Generation  
rate (NL) 
H2 yield (released/ 
theoretical) 
 
     t=1 t=2 t=5 t=10 
1 (Fig.4.1) 0.4g MgH2 40 50 0.4551 66.8 66.8 66.8 66.8 
 0.8g MgH2 40 50 0.8822 64.7 64.7 64.7 64.7 
 1.2g MgH2 40 50 1.6888 82.0 82.0 82.0 82.0 
2 (Fig. 4.2) 0.4g MgH2 50 50 0.5296 77.8 77.8 77.8 77.8 
 0.8g MgH2 50 50 1.1830 86.8 86.8 86.8 86.8 
 1.2g MgH2 50 50 1.3213 64.6 64.6 64.6 64.6 
3 (Fig. 4.3) 0.4g MgH2 60 50 0.4977 73.1 73.1 73.1 73.1 
 0.8g MgH2 60 50 1.1764 86.3 86.3 86.3 86.3 
 1.2g MgH2 60 50 1.2698 61.3 62.1 62.1 62.1 
4 (Fig. 4.4) 0.4g MgH2 70 50 0.4644 69.2 68.2 68.2 68.2 
 0.8g MgH2 70 50 0.8862 64.9 65.0 65.0 65.0 
 1.2g MgH2 70 50 1.3063 63.3 63.9 63.9 63.9 
5 (Fig.4.5) 0.4g MgH2 50 25 0.4739 70.4 70.4 70.4 70.4 
 0.8g MgH2 50 25 0.8338 61.2 61.2 61.2 61.2 
 1.2g MgH2 50 25 0.9706 47.5 47.5 47.5 47.5 
6 (Fig.4.6) 0.4g MgH2 50 30 0.4994 73.3 73.3 73.3 73.3 
 0.8g MgH2 50 30 1.0457 73.6 76.7 76.7 76.7 
 1.2g MgH2 50 30 1.6932 82.2 82.6 82.8 82.8 
7 (Fig. 4.7) 0.4g MgH2 50 60 0.4708 69.1 69.1 69.1 69.1 
 0.8g MgH2 50 60 1.0041 73.3 73.3 73.3 73.6 
 1.2g MgH2 50 60 1.4978 73.3 73.3 73.3 73.3 
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From the hydrolysis experiment of 40 wt.% aa concentration at 50 °C (Figure 4.10A), cumulative 
hydrogen evolution (NL) increased with the quantity of substrate, with a 1.2g hydrolysis 
experiment recording the highest H2 evolution of about 1.688 NL, compared to approximately 
0.882 NL and 0.4551 NL observed as the maximum H2 evolution from 0.8g and 0.4g MgH2 
experiments respectively. As can be seen from the respective flow rate of these studies (Figure 
4.2B), effective H2 evolution stopped under 60 seconds (1 minute). The spectra hydrogen flow rate 
spectra from Figure 4.1b also corroborates the observation of cumulative H2 evolution dependence 
/relationship with MgH2 quantity. Curve c which reparents 1.2g MgH2 recorded the highest flow 
rate among the three samples with the highest integrated hydrogen flow rate of about 10.25 NL/min 
compared to ~ 3.9 NL/min from 0.8g MgH2 (curve b) and 2.2 NL/min observed in 0.4g MgH2 
(curve a). The pKa value of aa used as an accelerator in the hydrolysis investigation is a 
contributing factor to the fast reaction kinetics that were recorded [146, 152].   Furthermore, as 
evidenced from Table 4.1, the observation of completion of reaction within 1 minute is clearly 
elucidated, with no change in the percentage H2 yield  at 1min, 2 min, 5 min and 10 min with 
corresponding values of 66.8% , 64.7 % and 82.0% for 0.4 , 0.8 and 1.2g MgH2 respectively (Table 
4.1, experiment  #1).   
66 
 
 
Figure 4.1: Hydrogen generation (A), flow rate (B) from MgH2 with 40wt.% aa at 50 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g 
MgH2, (b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
The hydrolysis study conducted from 50 wt.% aa concentration at 50 °C temperature (Figures 
4.2A and 4.2B), equally recorded a similar trend as observed from the 40 wt.% aa concentration 
experiment. The cumulative H2 evolution increased with the MgH2 quantity (Figure 4.2A). 
Similarly, H2 evolution was completed within 1 minute. In a similar trend, the flow rate (Figure 
4.2B) shows that flow rate increased with substrate quantity in curve c (1.2g ) b (0.8g) and a (0.4g) 
recording maximum flow rate of 12.2 NL/min, 9.4 NL/min and 6.6 NL/min respectively. From 
Table 4.1, experiment #2, it can be observed that H2 evolution reached its peak in all experiments 
within the one minute. However, unlike in experiment #1 (40wt.%aa at 50 °C), the H2 yield in 
experiment #2 considering the theoretical H2 based on quantity of the substrate (effective H2 
evolution) had 0.4g MgH2 with 77.8%, 0.8g MgH2 (86.8%) and 1.2g at 64.4%. Thus, in this 
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instance, 1.2g MgH2 produced the least H2 based on the theoretical quantity per weight followed 
0.4g MgH2, while 0.8g MgH2 was the sample that generated the best effectiveH2 yield.  
 
Figure 4.2: Hydrogen generation (A), flow rate (B) from MgH2 with 50wt.% aa at 50 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g MgH2, 
(b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
Figures 4.3A presents the results of H2 evolution (NL) and 3.4b H2 integral flow rate (NL/min) 
from hydrolysis experiment conducted with 60 wt.% aa at 50 °C. Like in other experiments 
reported earlier in this section, the cumulative H2 generation from the 1.2g (curve 3, Figure 4.3A) 
was the highest with maximum H2 evolution of approximately 1.268 NL compared to 1.1764 NL 
from 0.8g MgH2 (curve b) and 0.497 NL recorded in hydrolysis of 0.4g MgH2 (curve a) under the 
same conditions. The reason for this development is the abundance of substrates for the H2 
generation in experiments with higher substrates quantity which favours higher cumulative H2 
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evolution. However, an interesting phenomenon was observed in the H2 flow rate spectra (Figure 
4.3B), wherein H2 flow exceeded 1 minute in the 1.2g MgH2 experiment. Hydrogen generation 
flow rate stopped at about 1.1 min in the 1.2g MgH2 study while that of 0.4g sample was about 0.4 
min relative to H2 integral flow of about 0.75 min in 0.8g MgH2. Conversely, from the effective 
H2 yield analysis, 1.2g MgH2 was about 61.3% in the first 60 seconds but peaked at 62.1% after 1 
minute (Table 4.1, experiment #2) which was the least among the three samples: 73.1%  (0.4g 
MgH2) and 86.3% from the hydrolysis of 0.8g MgH2. From this observation, it can be deduced 
that 0.8g MgH2 was the most effective sample in terms of evolution of stored H2, followed by 0.4 
while the 1.2g MgH2 experiment recorded the least H2 evolution efficiency per weight of the 
constituents.   
 
Figure 4.3: Hydrogen generation (A), flow rate (B) from MgH2 with 60wt.% aa at 50 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g MgH2, 
(b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
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Hydrogen generation from the hydrolysis of MgH2 (0.4, 0.8 and 1.2g) in 70 wt.% aa solution at 50 
°C are presented in Figures 4.4A and B. From the experimental results, a maximum H2 level of 
1.3063 NL was reported from 1.2g MgH2, and 0.8862 NL (0.8g MgH2) and 0.4644 NL (0.4g 
MgH2) as seen in Table 4.1 (experiment #3). The pattern of higher maximum cumulative H2 
evolution (NL) according to substrate quantity observed can be attributed to the availability of 
stored hydrogen in the MgH2 which allows the reaction to continue and favour higher H2 evolution. 
Conversely, as obtained in experiments carried out with a lower aa concentration, the H2 yield did 
not follow the same pattern, as the cumulative was not dependent on the quantity of MgH2. The 
0.4g sample recorded H2 yield of 69.2% in 1 min and marginally reduced to 69.2% afterwards, 
0.8g MgH2 study recorded 65.0% H2 effective H2 by taking into consideration the H2 generated 
compared to the weight of substrate while the 1.2g MgH2 had 63.9% H2 yield.  
In the experiments conducted at 50 °C, (Figures 4.1A-4.4A), the effective H2 yield (%) did not 
increase with MgH2 quantity and it did not follow a regular pattern, however, it can be seen that 
in most cases, the 1.2g experiments recorded lower hydrogen yield relative to 0.4g and 0.8g 
experimental investigations. Passivation of the MgH2 due to the formation of Mg (OH)2 could be 
a contributing factor [186]. Moreover, when higher quantities of MgH2 (especially above 0.8g) 
were used for hydrolysis, more substrate was available for reaction. However, higher proportion 
of MgH2 may encourage rapid formation Mg (OH)2 and in higher cumulative quantity, thus 
slowing down the reaction kinetics.  
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Figure 4.4: Hydrogen generation (A), flow rate (B) from MgH2 with 70wt.% aa at 50 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g MgH2, 
(b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
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4.2.3 Optimisation of hydrolysis temperature  
Temperature is an important parameter in improving chemical reactions. In this section, the effect 
of external temperature on hydrolysis of the AD MgH2 was examined, however it must be noted 
that the hydrolysis reaction may proceed at ambient temperature [16]. Nevertheless, examination 
of H2 evolution at other temperatures in hydrolysis experiments will provide insight into the 
variation in H2 evolution from the substrate and further influence the decision on the reaction 
temperature to be explored. The hydrolysis reactions reported in this section were carried out at 
23, 30, 40 and 60 °C, in addition to 50 °C as reported in section 4.2.2.  
Figures 4.5A and B presents the integrated H2 evolution kinetics and flowrate respectively at 25 
°C in a 50wt.% aa solution. The experiment conducted with 0.4g weight substrate recorded the 
least maximum H2 value (0.4739 NL), followed by 0.8g MgH2 (0.8338 NL) and 0.9706 NL from 
1.2g MgH2 experiment. Moreover, from table 4.1 experiment #5, the 0.4g MgH2 experiment 
recorded the highest H2 yield (70.4%), compared to 61.2% and 47.5% from 0.8g and 1.2g MgH2 
respectively. While it has been observed in experiments conducted with the same substrate under 
different conditions that the H2 evolution efficiency in relation to the quantity of MgH2 for a 
hydrolysis reaction is lowest in the 1.2g sample (in most cases), the yield from the experiment 
carried out at 25 °C was the lowest in this study (47.5%). It is believed that the relatively low 
reaction temperature (25 °C) influenced the reaction kinetics, especially in the 1.2g MgH2 
hydrolysis due to the abundance of reaction substrate in a thermodynamically and kinetically 
unfavourable environment caused by the low temperature. This led to difficulty in overcoming the 
reaction barrier thus hindering the effective release of the stored H2 in the substrate. Similarly, the 
formation of Mg (OH)2 formed a thin film layer over the surface of MgH2 thereby reducing the 
reaction kinetics, which invariably affects the hydrogen yield [152]. 
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Figure 4.5: Hydrogen generation (A), flow rate (B) from MgH2 with 50wt.% aa at 25 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g MgH2, 
(b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
H2 evolution from hydrolysis of MgH2 at 30 °C in 50 wt.% aa solution are presented in Figures 
4.6A and B.  From the results H2 evolution was higher compared to the values recorded in similar 
experiment at 25 °C (Figures 4.5A, 4.5B and experiment #5 Table 4.1). Maximum H2 evolution 
of 0.4994 (NL) was recorded from 0.4g MgH2 (compared to 0.4739 NL in 25 °C experiment), 
1.0457 NL from 0.8g MgH2 (relative to 0.8338 NL at 25 °C) and 1.6932 NL was obtained from 
the hydrolysis of 1.2g MgH2  (in comparison to 0.9706 NL from 25 °C study). This development 
can be attributed to the improved reaction kinetics at higher temperature compared to when the 
experiments were conducted at 25 °C. 
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Figure 4.6: Hydrogen generation (A), flow rate (B) from MgH2 with 50wt.% aa at 30 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g MgH2, 
(b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
Hydrogen generation rate and flow rate of the hydrolysis experiment of AD MgH2 are shown in 
Figures 4.7A and B. From the figures similar trend of maximum cumulative H2 evolution was 
observed as in the previous experiments. The 1.2g sample recorded 1.4978 NL, 0.8g MgH2 (1.0041 
NL) and 0.4708 (NL) H2 obtained from 0.4g MgH2 as can be seen in experiment #7, Table 4.1. 
Similarly, the hydrogen flow rate maximum from these set experiments were proportional to the 
quantity of substrate used for the hydrolysis studies: 4.8 NL/min flow (0.4g MgH2, curve a, Figure 
4.7B), approximately 8.0 NL/min from the 0.8g MgH2 hydrolysis and 15.0 NL/min (curve b, 
Figure 4.7B). The two off shoot peaks from the 1.2g MgH2 flow rate spectra (curve c, Figure 
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4.7B) are noise from the data generated from the flow meter but this error has been mitigated from 
the integration of the flow rate as presented in Figure 4.7A. Interestingly, from the H2 yield, which 
is the measure of effective H2 evolution from the substrate used for each experiment based on the 
theoretical hydrogen in the quantity of substrate (weight based) and the actual H2 released during 
the  hydrolysis (as observed from experiment #7, Table 4.1). The H2 yield from the three 
experiments was 69.1% from the 0.4g MgH2 hydrolysis, while 73.3% H2 yield were recorded from 
the 0.8g, and 1.2g MgH2 hydrolysis respectively. The impressive H2 yield from the 1.2g MgH2 
hydrolysis at 60 °C, can be attributed to reduction of passivation caused by the production of 
Mg(OH)2 in this experiment due to high reaction temperature. 
 
Figure 4.7: Hydrogen generation (A), flow rate (B) from MgH2 with 50wt.% aa at 60 °C, where 
(1) H2 yield 0.4g MgH2, (2) H2 yield 0.8g MgH2, (3)H2 yield 1.2g MgH2, (a) flow rate 0.4g MgH2, 
(b) flow rate 0.8g MgH2,  flow rate 1.2g MgH2. 
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4.3 Comparison of ball milled and unmilled MgH2 experiment 
 
Ball milling of substrates for hydrogen generation and storage is known as one of the intervention 
methods to reduce some of the kinetic and thermodynamic limitations experienced in solid state 
hydrogen storage and hydrogen generation from light weight metals. Ball milling increases the 
crystallite size of the powder metals, enhances nucleation in the metals crystals due to fracturing 
of the crystals, assists in the development which assist in the reduction of hydrogen desorption 
temperature, and enhances and enhances reaction kinetics[22].  
In this section of the study, H2 production from the as delivered Magnesium hydride (AD MgH2) 
was compared with the same material ball milled for 1 hour. The aim of the study was to investigate 
the impact of ball milling (over a short period of time on H2 evolution from the MgH2 the major 
hydrogen generation substrate in this study) using hydrolysis technique of hydrogen generation.  
 This investigation was conducted to serve as a benchmark for the investigation of role of ball 
milling through mechano-synthesis of MgH2 based nanocomposites, which is one of the major 
milestones of this study.   
4.3.1 Scanning electron micrograph (SEM) of as delivered magnesium hydride 
SEM micrographs of AD MgH2 at different magnifications are indicated in Figures 4.8 A and B. 
The micrograph shows diverse or irregular particle orientations. This is similar to an observation 
by Varin et al. about MgH2 used as delivered from the industry [187].  Prominent among the 
particle orientation observed from AD MgH2 SEM micrographs (Figure 4.8A and B) are flakes, 
rods and debris particles. These structures are associated with the hydrogen production sites in the 
MgH2, particularly the crystals of magnesium (Mg). 
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Figure 4.8: SEM micrograph of as delivered MgH2 
 
4.3.2. X-ray diffraction (XRD) analyses of as delivered and one-hour ball milled magnesium 
hydride 
XRD characterisation of the materials is important in order to provide useful information on their 
crystalline structures and phase information. Figure 4.9 shows the XRD plots of AD MgH2 and 
1h BM MgH2 stacked for easy comparison. From the plots, two major phases were observed, 
namely:  Mg and α-MgH2. The αMgH2 is commonly observed in unmilled MgH2 or samples that 
have been ball milled for a short period of time [18]. Moreover, from Table 4.2, it can be seen that 
AD MgH2 has two major phases, α-MgH2 and Mg, while 1h BM MgH2 has three phases, namely 
αMgH2, Mg and MgO. The MgO was caused by oxygen intrusion into the sample during the 
process of ball milling, but the magnitude of the oxidation process was halted by the ball milling 
and handling of the substrate under purified helium gas.  
 From the Rietveld analysis using GSAS software, the crystallite of phase in the starting material 
(AD MgH2) reduced from over 1000 nm to about 92 nm after 1-hour ball milling. The crystallite 
size of Mg phase in the starting material also reduced from over 1000 nm to 490 nm after balling 
it was ball milled for 1 hour. The reduction in crystallite sizes of the phase constituents as observed 
was responsible for higher H2 evolution from the 1h BM MgH2 hydrolysis compared to AD MgH2 
in all experimental investigations. The increased hydrogen yield was caused by fracturing of the 
crystals by ball milling, leading to increased nucleation phenomenon which enhanced reaction 
100 µm 10 µm
(a) (b)
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kinetics. From a structural perspective, the XRD plots (Figure 4.9) shows broadening of peaks in 
the 1h BM sample, and shifting of the peaks to the right compared to the AD MgH2 an indication 
of reduction of crystallinity of the materials [188]. Moreover, from Table 4.2, the abundancies of 
phases in the two substrates categories showed that αMgH2 is the major component as it is expected 
of high grade MgH2 such as a 99.7% purity sample used as the starting material for all MgH2 based 
substrates used in this study.   
 
Figure 4.9: X-ray powder diffraction pattern of AD MgH2 and 1h BM MgH2 
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Table 4.2: Results from Rietveld refinement of AD MgH2 and 1h BM MgH2 
    
Phase Parameters AD MgH2 1h BM MgH2 
α-MgH2 
Ball milling time 
0 1 
Abundance (wt.) 
0.916(-) 
0.836(-)         
 
Crystallite size 
(nm) 
>1000 92 
a(Å) 4.51648(6) 4.5182(1) 
c(Å) 3.02083(7) 3.0219(1) 
γ-MgH2 
Abundance (wt.) – – 
Crystallite size 
(nm) 
– – 
a(Å) – – 
b(Å) – – 
c(Å) – – 
Mg 
Abundance (wt.) 0.084(2) 0.073(2) 
Crystallite size 
(nm) 
>1000 490 
a(Å) 3.2113(3) 3.2105(3) 
c(Å) 5.2139(7) 5.210(1) 
MgO 
Abundance (wt.) – 0.091(4) 
Crystallite size 
(nm) 
– 6 
a(Å) – 4.229(4) 
Rp 0.0611 0.052 
 
4.3.3 Hydrolysis of as delivered and one hour ball milled magnesium hydride 
Three sample weights (0.2g, 0.4g and 0.6g) were selected from the two types of substrates for 
hydrolysis experiments. The results of the H2 generation from the experiments are presented in 
Figures 4.10A, 4.10B and Table 4.3. From Figure 4.10A, 0.6g 1h BM MgH2 recorded the highest 
maximum H2 generation with 0.8809 NL compared to 0.5285 NL recorded in experiment with 
0.6g unmilled MgH2 (AD MgH2). In all the experiments conducted with the two types of 
substrates, 1h BM MgH2 performed better than the AD MgH2 as observed from Figure 4.10A and 
Table 4.3. For example, 0.2g 1h BM MgH2 recorded (0.314 NL, H2) as the maximum cumulative 
H2 generation compared to 0.2160 NL, H2 generated from 0.2g MgH2. Furthermore, the 
experiments with 0.4g substrate weight followed a similar pattern with the ball milled sample (1h 
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BM MgH2) recording a maximum cumulative H2 evolution of 0.6684 NL compared to 0.3641 NL, 
H2 from AD MgH2.  
As observed in the experiments discussed in section 4.1.2.2 with AD MgH2, substrate quantity and 
weight influenced the maximum cumulative H2 - with the least values recorded from the least 
sample weight (0.2g) across the two substrate types. Similarly, from Table 4.3, experiments # 1 
and 2 hydrogen yield results reveal that the lower substrate weights (0.2g in this case) recorded 
effective H2 performance when the theoretical H2 in the material (weight based) was compared 
with the H2 generated from the hydrolysis experiments. 0.2g MgH2 recorded 76.8% H2 yield, 
compared to approximately 94.5% H2 yield from 0.2g 1h BM MgH2. The 0.4g samples also 
recorded impressive effective H2 results, particularly from the ball milled substrate. Moreover, the 
0.4g 1h BM MgH2 recorded H2 yield of approximately 98.1%, compared to 53.3% from 0.4g AD 
MgH2. Similarly, the hydrolysis of 1h BM MgH2 under the same conditions (40 wt.% aa and 30 
°C) recorded an 81.5% H2 yield, compared to 50% H2 yield obtained from 0.6g AD MgH2 
hydrolysis experiment. The ball milled substrate performed better due to improved reaction 
kinetics resulting from the increased nucleation phenomenon from the fracturing of the MgH2 
crystals and the increased crystallite size of the α-MgH2 crystals (see Table 4.2).  
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Figure 4.10: Hydrogen generation (A), flow rate (B) from as delivered MgH2 and 1h ball milled 
MgH2, where (1) H2 yield  0.2g MgH2, (2) H2 yield  0.2g 1h BM MgH2, (3) H2 yield  0.4g MgH2, 
(4) H2 yield  0.6g 1h BM MgH2, (5) H2 yield  0.6g MgH2, (6) H2 yield  0.6g 1h BM MgH2, flowrates 
from: (a) 0.2g MgH2, (b) 0.4g MgH2, (c) 0.6g MgH2, (d) 0.2g 1h BM MgH2, (e ) 0.4g 1h BM MgH2 
and (f) 0.6g 1h BM MgH2. 
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4.3.4 Optimisation of acetic acid concentration  
From the results of experiments in section 4.2.2.2, it is obvious that 1h BM MgH2 performed better 
in terms of H2 evolution compared to AD MgH2, thus 1h BM MgH2 was selected for subsequent 
experimental investigations in this section (4.2). Furthermore, since aa addition to the hydrolysis 
solution influenced reaction kinetics [189], optimization of this organic acid’s concentration for 
the sample under experimental investigation would provide useful information that may proof 
helpful for sustainable hydrogen generation from MgH2 using hydrolysis technique.  
Results reported in this section for optimisation of aa concentration were obtained from 
experiments conducted with 0.6g weight of the substrate. The experiments were carried out at 30 
°C, since this temperature has proven to be effective for hydrolysis of MgH2.    
Figures 4.11A and 4.11B depict the H2 evolution and the H2 flow rate results. From Figure 4.11A, 
the following are the H2 evolution results from the studies in order of magnitude: 1.019 NL (70 
wt. % aa); 0.9530 NL (30 wt.% aa); 0.8699 NL ( 60 wt. % aa); 0.8809 NL (40 wt.% aa) and 0.6331 
NL ( 50 wt.% aa). These amounts to effective hydrogen generation (hydrogen yield) of about 
99.0% (70 wt.% aa); 93.2% (30 wt.% aa); 85.1% (60 wt.% aa); 85.1% (40 wt.% aa) and 52.5% 
(50 wt.% aa) within 1 minute of hydrolysis. The H2 yield remained unchanged after 1 minute in 
all experiments, except in 50 wt% aa and 40 wt% aa experiments, which increased marginally after 
one minute (Table 4.3 experiment # 2c, 3,4,5,6). This indicated that fast reaction kinetics were 
observed generally in all experiments, and H2 evolution reached a peak within 60 seconds of the 
hydrolysis reaction. Furthermore, from Figure 4.11B curves H2 evolution pattern observed in 
Figure 4.11A was supported by the similar pattern of hydrogen flow rate. Curve t (70 wt% aa) 
recorded the highest flow rate (NL/min) 0.3 min followed by curve p (30 wt.% aa). Hydrogen flow 
rate from these two experimental samples reduced to nearly zero after 0.6 min. Conversely, the 50 
wt%. aa sample (curve r) which recorded the least H2 evolution had its flow kinetics reducing to 
zero before 0.3 min.   
 The 70 wt. % aa was the optimum concentration among the experiments while it can also be 
deduced that while aa concentration influenced H2 evolution and reaction kinetics (as can be seen 
in Figure 4.11B), it is not directly proportional to H2 evolution rate in the 1h MgH2 substrate.  
.  
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Figure 4.11: Optimisation of acetic acid concentration with 0.6g 1h ball milled MgH2, hydrogen 
generation (A), flow rate (B), where (I) H2 yield 30wt. %aa, (j) H2 yield 40wt. %aa, (k) H2 yield 50 
wt.%aa, (l) H2 yield 60 wt.%aa, (m) H2 yield 70wt.%aa, flow rates from : (p) 30wt.% aa, (q) 40 
wt.% aa, (r) 50 wt.% aa, (s)  60 wt.% aa and (t) 70 wt.%aa. 
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Table 4.3: Summary of as delivered MgH2 versus 1h ball milled MgH2 hydrolysis experiments 
Experiment Sample  
Characteristics 
Hydrolysis  
Condition 
 
Hydrogen generation performance 
 Notation C (wt. 
%) 
T (°C) Max. H2 
Generation 
rate 
(NL) 
H2 yield 
(released/theoretical) 
     t=1 t=2 t=5 t=10 
1 (a) 0.2g MgH2 40 30 0.2160 76.8 76.8 76.8 76.8 
b 0.4g MgH2 40 30 0.3641 53.3 53.4 53.5 53.5 
c 0.6g MgH2 40 30 0.5285 50 50 50 50 
2 (a) 0.2g 1BM MgH2 40 30 0.3214 94.5 94.5 94.5 94.5 
b 0.4g 1BM MgH2 40 30 0.6684 98.1 98.1 98.1 98.1 
c 0.6g 1BM MgH2 40 30 0.8809 81.5 81.6 83.8 86.2 
3 0.6g 1BM MgH2 30 30 0.9530 93.2 93.2 93.2 93.2 
4 0.6g 1BM MgH2 50 30 0.6331 52.5 54.0 58.1 61.9 
5 0.6g 1BM MgH2 60 30 0.8699 85.1 85.1 85.1 85.1 
6 0.6g 1BM MgH2 70 30 1.019 99.0 99.0 99.0 99.0 
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4.4 Phase-structural and morphological structures: hydrogen storage and generation 
performance of ball milled magnesium hydride and germanium nanocomposites 
 
Studies of hydrogen generation from solid state hydrogen storage materials including light-weight 
hydrides have gained momentum due to their important features which include relatively low cost, 
environmental friendliness and potential for on-board vehicular applications [190, 191]]. MgH2 is 
of a particular interest due to high abundance and low cost of magnesium, non-toxicity, as well as 
high hydrogen storage capacity of magnesium hydride, 7.66 wt.% H2 or 0.11 kg(H2)/L [21, 22, 
149, 153, 192].  
A major challenge of hydrogen generation by thermal decomposition of the light-weight hydrides 
(thermolysis) is the slow kinetics of H2 evolution taking place at high, above 300 °C, temperatures 
[21, 22, 153, 192-194]. The increase of reactivity of MgH2 via ball milling and application of 
various catalytic additives have allowed for the reduction of the onset of H2 evolution to 200–250 
°C [153, 195, 196]. It was also noted that such temperature reduction observed at the conditions 
of “zero” H2 partial pressure (e.g. in TGA or TDS experiments) has kinetic origin, but due to 
thermodynamic limitations, the temperatures above 275 °C are required to decompose MgH2 under 
H2 pressure higher than 1 atm, which is incompatible with most practical applications [153]. 
An efficient and alternative method of hydrogen generation is hydrolysis of light metals or 
hydrides [197-204]. This process takes place at  lower (mostly ambient) temperatures, in a neutral, 
alkaline or acidic medium, and results in high generation of H2, up to 15% of the weight of the 
solid material subjected to hydrolysis [205]. In a big number of works dealing with hydrogen 
generation via hydrolysis, a significant part is focused on the study of composites based on MgH2 
[206-214]. 
Two major challenges of  hydrogen generation by hydrolysis of MgH2 are the poor reaction 
kinetics and passivation of the reaction by the Mg(OH)2 by-product [206]. Different methods are 
being considered to minimise these constraints in order to make the process sustainable. The 
examples include: addition of catalysts such as rare earth metals (La, Ce, Pr, Nd and their mixture) 
[207], carrying out the hydrolysis in the acidic medium [208, 209], adding of salts (mostly, 
chlorides) MgH2 and ball milling of MgH2 and its composites [210, 211, 214].  
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Ball milling improves the reaction kinetics by increasing reaction surface area in the solid products. 
The ball milling process is associated with fracturing of the crystals in the constituent powders, 
introducing lattice defects thus increasing number of nucleation sites and facilitating reactivity of 
the formed products [215], particularly improving the hydrogenation and dehydrogenation kinetics 
[153]. The ball milling of MgH2 powders with catalytic additives offers advantages such as 
synergy between nanostructuring and catalysis resulting in synthesis of new products with 
improved hydrogen generation potentials.  
Germanium has been reported as an effective additive to MgH2 which lowers the dehydrogenation 
temperature via thermodynamic destabilization [216, 217]. Furthermore, germanium compounds 
with hydrogen were shown to be effective catalysts of hydrolysis of ammonia borane [202]. Co-
milling of MgH2 with Ge may, therefore, become an efficient way to improve hydrolysis 
performance of magnesium hydride.  
Hydrolysis of MgH2 co-milled with Ge in aqueous organic solutions was done in this section. The 
influence of milling time and Ge/MgH2 ratio on phase-structural, morphological and H2 absorption 
/ desorption properties of the Ge-MgH2 nanocomposites (hereafter referred as GMH), in addition 
to the change of their performance in the process of hydrogen generation via hydrolysis, were 
investigated as well. 
4.4.1 X-ray diffraction (XRD) analysis of ball milled MgH2 and MgH2-Ge nanocomposites 
 
Figure 4.12 shows the XRD patterns of the studied samples in this study. Furthermore, the series 
shown in Figure 4.12(a) presents the data for the samples containing 5 wt.% Ge ball milled for 
different times (1, 2, 5 and 10 hours. The series in Figure 4.12(b) shows the XRD patterns for the 
samples milled for 5 hours with different concentrations of Ge (0, 5, 10, 15 and 20 wt.%). The 
results of Rietveld refinement of the XRD data are summarized in Table 4.4. Similarly, the 
notation for the samples in this study can be found in Table 3.2 (see chapter 3).  
From the data in Table 4.4, it can be seen that all the samples contain tetragonal -modification 
of MgH2 as a main constituent; the lattice periods of this phase correspond well to the reference 
data [218]. The samples also contained minor amounts (5–9 wt.%) of the non-hydrogenated Mg 
also present in the as-delivered MgH2 (8.4 wt.%; see; Figure 4.13, Table 4.5). The ball milling 
resulted in a partial transformation of -MgH2 into high-pressure orthorhombic -modification of 
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magnesium hydride found by a number of researchers in the ball milling experiments [18, 219, 
220]. Very wide peaks at 2 around 43° and 63° were assigned to nanocrystalline (5–10 nm) MgO 
formed due to oxidation of Mg with oxygen adsorbed by a starting powder[18]. 
For the samples containing germanium, its FCC (diamond structure type) modification was 
observed in the XRD patterns. The weight abundances of the Ge phase were in a satisfactory 
correspondence with the initial compositions of MgH2+Ge mixtures. Furthermore, the lattice 
period of Ge was in a good agreement with the reference data [218] and did not change with the 
change of Ge content in the sample and milling time (see Table 4.4). Similarly, neither MgH2 
(both modifications) nor Mg did show noticeable changes of their lattice periods during co-milling 
of magnesium hydride with germanium. Based on these observations, it can be concluded that at 
the ball milling conditions applied in this study, the interaction between Ge and Mg (MgH2), 
including the formation of solid solutions, does not take place.  
At the same time, the ball milled samples dehydrogenated in vacuum at T≥450 °C showed 
complete transformation of Ge and part of Mg to a CaF2-type Mg2Ge intermetallic compound (see 
example in Figure 4.14(a); Table 4.6, first column). The presence of Mg2Ge was also observed 
in the Ge-containing samples re-hydrogenated at T~300 °C and P(H2) ~15 bar (see example in 
Figure 4.14(b); Table 4.6, second column). The abundance of -MgH2 and Mg in the re-
hydrogenated Ge-containing samples corresponded to a ~96% hydrogenation of Mg.  
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Figure 4.12 :  XRD patterns of the studied samples: effects of ball milling time (a) and precursor 
ratio (b). Phase labels on top of the peaks: 1 – -MgH2, 2 – Ge, 3 – -MgH2, 4 – Mg, 5 – MgO. 
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Table 4.4: Results of Rietveld refinement of the XRD patterns (Figure 4.12) 
Phase(a) Parameter Value for the sample: 
5GMH0 5GMH1 5GMH2 5GMH3 5GMH4 10GMH 2GMH 1GMH 
α-MgH2 Abundance (wt.) 0.587(-) 0.691(-) 0.621(-) 0.606(-) 0.665(-) 0.589(-) 0.730(-) 0.791(-) 
Crystallite size (nm) 26 29 23 26 24 16 43 75 
a(Å) 4.5201(2) 4.5200(3) 4.5174(4) 4.5172(3) 4.5186(6) 4.5174(4) 4.5174(2) 4.5181(1) 
c(Å) 3.0235(3) 3.0238(3) 3.0224(4) 3.0215(3) 3.0221(6) 3.0227(5) 3.0217(2) 3.0222(1) 
γ-MgH2 Abundance (wt.) 0.084(4) 0.065(5) 0.096(6) 0.083(5) 0.072(7) 0.164(5) 0.024(3) 0.078(3) 
Crystallite size (nm) 10 22 17 16 38 8 29 38 
a(Å) 4.52(1) 4.515(8) 4.35(1) 4.243(7) 4.532(6) 4.341(7) 4.481(9) 4.51(-) 
b(Å) 5.43(1) 5.47(1) 5.62(1) 6.11(1) 5.471(8) 5.63(1) 5.64(2) 5.44(-) 
c(Å) 4.95(1) 4.93(1) 5.18(1) 4.95(1) 4.927(9) 5.203(9) 4.90(1) 4.94(-) 
Mg Abundance (wt.) 0.073(1) 0.073(2) 0.066(2) 0.058(2) 0.054(3) 0.044(1) 0.075(2) 0.091(2) 
Crystallite size (nm) 170 210 240 630 420 480 100 110 
a(Å) 3.2126(3) 3.2115(5) 3.2105(5) 3.2100(5) 3.2090(7) 3.2110(4) 3.2105(5) 3.2116(4) 
c(Å) 5.211(1) 5.213(1) 5.209(2) 5.210(2) 5.213(2) 5.212(1) 5.208(2) 5.209(1) 
MgO Abundance (wt.) 0.256(3) 0.101(4) 0.109(6) 0.084(6) – 0.140(4) 0.127(6) 0.068(3) 
Crystallite size (nm) 5 10 8 6 – 7 6 10 
a(Å) 4.259(2) 4.235(2) 4.232(4) 4.237(6) – 4.238(2) 4.231(4) 4.233(3) 
Ge Abundance (wt.) – 0.069(9) 0.109(1) 0.167(1) 0.208(1) 0.062(7) 0.043(1) 0.042(6) 
Crystallite size (nm) – 84 87 170 140 100 51 81 
a(Å) – 5.6602(3) 5.6588(2) 5.6583(1) 5.6598(1) 5.6599(2) 5.6589(4) 5.6584(3) 
Content of Ge (wt%) 0 5 10 15 20 5 5 5 
Milling time (h) 5 5 5 5 5 10 2 1 
Rp 0.045 0.047 0.041 0.054 0.060 0.044 0.051 0.054 
(a) Reference data [218]: 
α-MgH2: Space Group P42/mnm (#136); a = 4.5349 Å, c = 3.0219 Å (ID: 515327); 
γ-MgH2: Space Group: Pbcn (#60); a = 4.4860 Å, b = 5.4024 Å, c = 4.8985 Å (ID: 506717); 
Mg: Space Group: P63/mmc (#194); a = 3.2125 Å, c = 5.2132 Å (ID: 455030); 
MgO: Space Group: Fm–3m (#225); a = 4.241 Å (ID: 850005); 
Ge: Space Group: Fd–3m (#227) [Origin choice 1]; a = 5.6577 Å (ID: 26034) 
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Figure 4.13 : XRD patterns of the as-delivered MgH2 and MgH2 ball milled in argon without 
Ge additive for the time specified in curve labels.  
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Table 4.5: Results of Rietveld refinement of the XRD of the as- delivered and ball milled MgH2 
(Figure 4.13) 
Phase Parameters 
Milling time (h); 0 – as delivered 
0 1 2 5 10 
α-
MgH2 
Abundance (wt.) 0.916(-) 0.836(-) 0.707(-) 0.587(-) 0.644(-) 
Crystallite size 
(nm) 
>1000 92 51 26 15 
a(Å) 4.51648(6) 4.5182(1) 4.5183(1) 4.5201(2) 4.5209(3) 
c(Å) 3.02083(7) 3.0219(1) 3.0221(1) 3.0235(3) 3.0245(4) 
γ-MgH2 
Abundance (wt.) – – 0.032(3) 0.084(4) 0.144(3) 
Crystallite size 
(nm) 
– – 25 10 8 
a(Å) – – 4.520(9) 4.52(1) 4.521(6) 
b(Å) – – 5.45(1) 5.43(1) 5.474(8) 
c(Å) – – 4.94(1) 4.95(1) 4.943(7) 
Mg 
Abundance (wt.) 0.084(2) 0.073(2) 0.088(2) 0.073(1) 0.051(1) 
Crystallite size 
(nm) 
>1000 490 170 170 240 
a(Å) 3.2113(3) 3.2105(3) 3.2112(3) 3.2126(3) 3.2124(3) 
c(Å) 5.2139(7) 5.210(1) 5.2091(8) 5.211(1) 5.216(1) 
MgO 
Abundance (wt.) – 0.091(4) 0.173(3) 0.256(3) 0.161(3) 
Crystallite size 
(nm) 
– 6 5 5 6 
a(Å) – 4.229(4) 4.235(3) 4.259(2) 4.236(2) 
Rp 0.061 0.052 0.048 0.045 0.051 
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Figure 4.14: Refined XRD patterns of the dehydrogenated sample 5GMH1 (a) and re-
hydrogenated sample 5GMH3 (b). 
Table 4.6: Results of Rietveld refinement of the dehydrogenated sample 5GMH1 and re-
hydrogenated sample 5GMH3 (Figure 4.14). 
Phase Parameter 
Value 
5GMH1 
(dehydrogenated) 
5GMH3  
(re-hydrogenated) 
α-MgH2 
Abundance (wt.) – 0.587(-) 
Crystallite size (nm) – 170 
a(Å) – 4.5173(1) 
c(Å) – 3.0215(1) 
Mg 
Abundance (wt.) 0.762(-) 0.022(2) 
Crystallite size (nm) 127 350 
a(Å) 3.21015(9) 3.208(1) 
c(Å) 5.2117(3) 5.201(4) 
MgO 
Abundance (wt.) 0.143(5) 0.112(6) 
Crystallite size (nm) 20 16 
a(Å) 4.2156(9) 4.220(2) 
Mg2Ge(a) 
Abundance (wt.) 0.095(1) 0.279(2) 
Crystallite size (nm) 109 250 
a(Å) 6.3891(3) 6.3911(1) 
 
(a) – Mg2Ge: Space Group: Fm–3m (#225), Structure Type: CaF2, a=6.38 Å ([218]), ID: 34076) 
As evidenced in Figure 4.15 and Table 4.4, the observed changes in the XRD patterns correlate 
with the milling time. For both modifications of MgH2 in the ball milled samples, the increase in 
92 
 
the milling time results in the decrease of intensities and broadening of the corresponding peaks 
caused by the reduction of the crystallite size from 75 nm to 16 nm for -MgH2 and from 38 nm 
to 8 nm for γ-MgH2 when the milling time increases from 1 to 10 hours. Longer duration of the 
milling also results in the increase of the abundance of γ-MgH2. Introducing Ge into the charge 
does not significantly change the observed tendencies as compared to MgH2 ball milled without 
additives. However, for the samples containing Ge, γ-MgH2 appears already after a 1 hour-long 
milling, however, in the MgH2 samples without a Ge additive, it was observed only for the samples 
that had been ball milled for 2 or more hours (Figure 4.15(b)). 
The crystallite size of the Ge phase (samples containing 5 wt.% Ge; see Table 4.4 and Figure 
4.15(a)) first decreases from 81 nm to 51 nm when milling time is increased from 1 to 2 hours. 
Further increase of the milling time results in a gradual increase of the crystallite size approaching 
100 nm for the sample ball milled for 10 hours. This observation allows us to assume that, during 
long milling, recrystallization of Ge takes place.  
The increase of Ge content in the sample from 10 to 15 wt.% results in a significant increase (from 
87 nm to 170 nm) of the crystallite size of Ge in the sample ball milled for 5 hours. A similar value 
(140 nm) was observed for the sample containing 20 wt.% Ge milled under the same conditions 
(see Table 4.4).  
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Figure 4.15 : Dependencies of -MgH2 and Ge crystallite sizes (a) and weight fraction of γ-
modification in MgH2 (b) on the milling time of MgH2 without (black symbols / lines) and with 
Ge additive (red symbols / lines; curve labels denote sample composition in weight fractions). 
4.4.2 Transmission electron microscopy (TEM) analyses of MgH2 and MgH2-Ge  
nanocomposites 
TEM images of the studied ball milled samples MgH2+Ge (see Figure 4.16 (left) and Figure 4.17 
(left) show inclusions of Ge (dark grey; up to 100 nm in the size) uniformly distributed in the 
bigger particles of magnesium hydride (light grey). All the images show a large spread in particle 
size of MgH2 ranging from 100 nm to a few microns.  
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Figure 4.16: TEM images (left) and indexed SAD patterns (right) for the samples 5GMH3 (15 
wt.% Ge) and 5GMH4 (20 wt.% Ge). Miller indexes on the SAD patterns shown in italic 
correspond to the second order reflections. 
The SAD patterns of the studied samples (figure 4.16 (right) and figure 4.17 (right) show that all 
the constituent phases are well-crystallised, mostly exhibiting diffraction rings formed by well 
pronounced spots. The positions of the rings (Figure 4.16 (right)) are in a satisfactory 
correspondence with the XRD data (Table 4.4). 
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Figure 4.17: TEM images (left) and SAD patterns (right) for the studied samples. 
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Figure 4.18(a) shows a TEM image of the sample 5GMH2, where distances between clearly 
visible lattice fringes were measured. The distances of 0.251 nm and 0.31 nm correspond well to 
(101) and (110) interplanar distances for tetragonal -MgH2 , while the distance of 0.55 nm 
corresponds well to the d-spacing for (010) planes for γ-MgH2 [221]. 
EDS studies (refer to Figure 4.18(b) for an example) confirmed that the elemental compositions 
of the studied samples demonstrate good correspondence with the MgH2: Ge ratio in the starting 
charge, as well as with the weight abundances of the components retrieved from the XRD data. 
 
Figure 4.18: TEM image (a) and EDS spectrum (b) of the sample MgH2 + 10 wt.% Ge ball 
milled for 5 hours (5GMH2). The peaks of C and Cu in (b) correspond to the contribution of 
copper grid with holey carbon structure holding the sample. 
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4.4.3 Gas-phase dehydrogenation / re-hydrogenation of MgH2 and MgH2-Ge nanocomposites 
Figure 4.19 presents the DSC curves of the as-delivered (commercial) MgH2, as well as the 
unmodified MgH2 (5GMH0), and a composite MgH2–15 wt.% Ge (5GMH3) ball milled at the 
same conditions for 5 hours. The DSC spectra were recorded at the heating rate of 5 °C/min; the 
summary of peak parameters is presented in Table 4.7. 
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Figure 4.19: DSC plots for the as-delivered (commercial) MgH2 and samples 5GMH0, 5GMH3 
taken at the heating rate of 5 °C/min.  
Table 4.7: Summary of DSC peak parameters (Figure 4.19) 
Parameter 
Sample 
Commercial MgH2 5GMH0 5GMH3 
Characteristic peak 
temperatures [°C] 
Onset 400 220 228 
Maximum 412 344 329 
End 455 433 420 
Area [J/g] 2148 2306 2690 
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It can be seen that, in comparison with commercial MgH2 , which is characterised by a narrow and 
sharp peak of dehydrogenation, the decomposition of the ball milled samples takes place within 
distinctly wider temperature ranges: it begins at the temperatures 172–180 °C lower than for the 
as-delivered magnesium hydride; the peak maximum temperatures are reduced by 68–83 °C, but 
the lowering of the temperature which corresponds to the end of MgH2 decomposition of the ball 
milled samples, as compared to the starting material, is much smaller: 22 and 35 °C for 5GMH0 
and 5GMH3, respectively.  
Though the measured peak areas were found to approximately correspond to the reference value 
of the standard enthalpy of formation of the tetragonal MgH2, Hof = –75.7303.347 kJ/mol (or 
2877 J/g), reported in the literature [175], the measured data exhibited noticeable underestimations, 
by 25, 20 and 6% for the commercial MgH2, 5GMH0 and 5GMH3, respectively. The deviations 
were most likely caused by a highly exothermic sample oxidation with traces of oxygen adsorbed 
by a starting powder to form MgO (Hof ~ –600 kJ/mol [175]). It may reduce the observed endo-
effects. It also can be seen from Table 4.7 that at the experimental conditions applied in this study, 
the addition of Ge did not destabilise magnesium hydride as was reported in ref. [217]. At the same 
time, introducing Ge results in the decrease of the dehydrogenation peak temperature by 13–15 °C 
as compared to the non-modified ball milled material. 
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Figure 4.20: Kissinger plots for 5GMH0 and 5GMH3 derived from the DSC measurements at 2, 5 
and 10 °C/min. The calculated activation energies (Eq. 3.1) are equal to 16324 and 1396 kJ/mol, 
for 5GMH0 and 5GMH3, respectively. 
Application of the Kissinger analysis for the DSC peaks measured at the heating rates in the range 
2–10 °C/min (see Figure 4.20) showed that introducing Ge resulted in a slight decrease of the 
dehydrogenation activation energy, from 163 to 139 kJ/mol (–14.7%). The first value is typical for 
MgH2 which was not subjected to the ball milling or ball milled for short durations of 1-2 h [222, 
223]. The activation energy for the Ge-modified material lies close to the upper value in the range 
(70–150 kJ/mol) reported for the ball milled catalysed MgH2 [222-228]. Thus, it can be concluded 
that, according to the DSC results, Ge has a moderate catalytic effect on the dehydrogenation 
kinetics of MgH2.  
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Figure 4.21: DTG (a) and DSC (b; baseline not subtracted) plots of the samples 5GMH0 and 
5GMH3 at the heating rate of 5 °C/min and argon flow of 40 mL/min. 
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Figure 4.21 presents DTG (a) and DSC (b) plots (5 °C/min) for 5GMH0 and 5GMH3 taken at a 
lower argon flow (40 mL/min) that was shown to result in the distortion of DSC spectra of the 
nanostructured MgH2 associated with the sample oxidation [229]. At T > 400 °C the unmodified 
MgH2 (5GMH0) undergoes oxidation as indicated by the weight increase (Figure 4.21(a)) and 
shifting of the DSC baseline to exo-region (Figure 4.21(b)). For the Ge-modified sample 
(5GMH3), similar performance was observed only at T > 500 °C in a much less pronounced form.  
It can therefore be deduced that the differences originated from a less pronounced oxidation of 
MgH2+Ge composites as compared to the ball milled MgH2 rather than a casual difference of the 
experimental conditions since each TGA/DSC experiment was repeated 2–3 times. The lower 
sensitivity towards oxidation can also be an origin of closer (to the theoretical heat of 
decomposition of MgH2) values of the heat effects of MgH2 decomposition measured for the Mg–
Ge composites than for the samples without Ge additive. Finally, inhibiting the sample oxidation 
upon introducing Ge correlates well with the XRD results which show a significant decrease of 
MgO abundance with the increase of Ge content in the samples ball milled for the same time 
(Table 4.4).  
Additional differences between DSC behaviours of the unmodified and Ge-modified samples 
(figure 4.19) were in the appearance of two peaks, poorly but resolved, for the latter sample while 
the former sample exhibited one asymmetric peak. Application of the deconvolution procedure 
[221] for the ball milled MgH2 without additives (5GMH0; Figure 4.22 (top)) showed that its DSC 
profile can be satisfactorily modelled as a superposition of two peaks. The first major peak 
(maximum at ~343 °C) may correspond to the decomposition of the mixture of - and -
modifications of MgH2 ball milled to a fine powder while the second one (~17 °C higher maximum 
temperature; ~5% of the total area) may be associated with the decomposition of the residual, 
incompletely milled MgH2. Application of similar deconvolution procedure assuming two 
constituent peaks for Ge-modified sample (5GMH3; Figure 4.22 (bottom left)) showed that in the 
region close to the peak maximum the fit was poor. However, assumption of additional exothermic 
Peak 3 for the DSC profile of 5GMH3 (maximum at ~351 °C; ~ 4% of the total area) allowed us 
to significantly improve the goodness of the fit (Figure 4.22 (bottom right)).  
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Figure 4. 22: Results of deconvolution of the DSC plots (heating rate 10 °C/min) for 5GMH0 (top) 
and 5GMH3 (bottom) assuming two endothermic constituent peaks (top, bottom left) and two 
endothermic and one exothermic peaks (bottom right). 
Further details on the deconvolution of the DSC profiles (Figure 4.22) are presented in, Figure 
4.23 and Table 4.8. 
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Figure 4.23: DSC plots taken at the heating rate of 10 °C/min for the samples 5GMH0 and 5GMH3 
(a), and their deconvolution (Equations. 3.2, 3.3): (b) – 5 GMH0 (2 peaks), (c) – 5GMH3 (2 peaks), 
(d) – 5GMH3 (3 peaks). The fitting parameters of the deconvolution (b–d) are listed in Table 4.8. 
Table 4.8: Fitting parameters of the deconvolution of the DSC peaks (Figure 4.23). 
Sample (plot) Parameter [units] 
Value 
Peak 1 Peak 2 Peak 3 
5GMH0 (b) 
A [W/g] 3.70(1) 0.80(1) – 
Tm [°C] 342.93(7) 359.7(1) – 
w [°C] 26.38(5) 7.6(1) – 
Area [%] 94.90 5.10 0.00 
5GMH3 (c) 
A [W/g] 3.69(1) 0.89(3) – 
Tm [°C] 348.6(1) 369.2(2) – 
w [°C] 22.11(9) 6.4(2) – 
Area [%] 93.49 6.51 0.00 
5GMH3 (d) 
A [W/g] 4.13(3) 0.53(3) –0.69(3) 
Tm [°C] 349.9(1) 369.6(3) 351.2(2) 
w [°C] 21.25(8) 5.4(3) 5.6(3) 
Area [%] 92.87 3.05 4.08 
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Considering the above-mentioned figures, it can be concluded that in the studied Mg–Ge samples 
an overlapping of the endo- and exo-effects at the temperatures close to 350 °C takes place. The 
exo-effect can be explained by the interaction of MgH2 with Ge to form Mg2Ge (∆Hof =  
–104.181±1.255 kJ/mol [175]) whose presence was detected by XRD analysis of both 
dehydrogenated and re-hydrogenated MgH2–Ge composites (Section 4.3.2.2).   
Results of the TDS and re-hydrogenation studies of the ball milled samples without (5GMH0) and 
with (5GMH3) germanium additive are presented in Figure 4.23. The observed delay of the 
decomposition of MgH2 in the Ge-doped samples exhibiting an appearance of the high-
temperature TDS peaks (Figure 4.24(a)) was not observed for the as-milled non-modified MgH2 
whose TDS pattern was similar to the DTG pattern for 5GMH0; see Figure 4.21(a). The 
differences increased with the increase of Ge content, and disappeared for the TDS of the re-
hydrogenated samples all exhibiting one peak at T390 °C (Figure 4.24(a)). 
The observed DSC features and changes of TDS behaviour of the as milled samples upon 
introducing Ge have their origin in the interaction of Ge with MgH2 during decomposition of the 
latter at T=350–400 °C. The interaction is accompanied by the formation of Mg2Ge phase, which 
inhibits further decomposition of MgH2 taking place at higher temperatures.  
Kinetics of the re-hydrogenation for the samples without and with Ge additive are very similar 
(see, Figure 4.24(b)). This observation, as well as quite small decrease of the dehydrogenation 
activation energy (see above) allows us to conclude that Ge has only minor catalytic effect on the 
hydrogenation / dehydrogenation of Mg. 
The difference of the hydrogen absorption/desorption behaviours of MgH2–Ge composites 
observed in this study from the results reported in refs [216, 217] where the introduction of Ge 
was shown to result in significant kinetic improvements, at least for the H2 desorption, can be 
explained by the difference of the ball milling conditions when the formation of Mg2Ge in [216, 
217] took place already at the stage of ball milling and did not interfere with thermal decomposition 
of MgH2. Moreover, as it was reported in [216], presence of Mg2Ge (as distinct from Ge) does not 
change decomposition temperature of MgH2 that is in a good correspondence with TDS behaviour 
of the re-hydrogenated samples observed in this work (Figure 4.24(a)). 
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Figure 4.24: First (solid lines) and second (dashed lines) TDS (a) and re-hydrogenation (b) profiles 
of the samples 5GMH0 and 5GMH3. The values in brackets next to the curve labels in (b) show 
the amounts of hydrogen absorbed during 40 minutes. 
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Figure 4.24(a) shows thermal desorption spectra from the as-milled (solid lines) and re-
hydrogenated (dashed lines) samples 5GMH0 and 5GMH3. H2 desorption in vacuum from the as-
milled Ge-modified sample (5GMH3) starts at T~300 °C but accelerates only at T>350 °C and 
finishes at T>500 °C exhibiting two well resolved peaks at T=390 °C and T=435 °C which overlap 
with a peak at T=414 °C. This behaviour significantly differs from the one observed in the course 
of the DTG studies (Figure 4.21(a)) where continuation of the H2 evolution was, most probably, 
suppressed by the sample surface oxidation. For the as-milled non-modified sample (5GMH0), the 
TDS behaviour was closer to the DTG one but with a poorly resolved low-temperature peak (most 
probably, contributed by the decomposition of the less stable -MgH2) and significant distortions 
near maximum of the main second peak.  
The differences between TDS behaviours of the as-milled non-modified and Ge-modified 
materials increased with the increase of Ge content and disappeared for the TDS of the re-
hydrogenated samples all exhibiting one peak with a maximum near T=390 °C (figure 4.24(a), 
dashed lines). 
The observed DSC features (Figure 4.21(b), 4.23(bottom) and changes of TDS behaviour of the 
as milled samples upon introducing Ge have their origin in the interaction of Ge with MgH2 during 
decomposition of the latter at T=350–400 °C. The interaction accompanied by the formation of 
Mg2Ge phase inhibits further decomposition of MgH2 taking place at higher temperatures. 
The kinetics of the first re-hydrogenation for the samples without and with Ge additive are very 
similar (Figure 4.24(b)), with maximum H concentration for 5GMH3 about 81% of the one for 
5GMH0, that corresponds well to the initial content of MgH2 in the former sample of 85 wt.%. In 
both cases, the maximum concentrations were lower than the H2 amounts calculated by the 
integration of the time dependencies of H2 desorption rates: 3.8 against 5.3 wt% H for 5GMH3 (–
28.3%) and 4.7 against 6.2 wt.% H for 5GMH0 (–24.2%). The degradation of hydrogen sorption 
capacity was caused by very high (above 500 °C) maximum dehydrogenation temperature (Figure 
4.24(a)) which was shown to result in a deterioration of re-hydrogenation kinetics due to the 
sintering and recrystallisation of Mg and, in turn, slowing down H2 diffusion through the grown 
MgH2 layer [153]. However, during the second re-hydrogenation of the Ge-doped sample 
(5GMH3) the capacity drop (3.8→3.4 wt.% or –10%) was smaller than for the undoped one 
(5GMH0; 4.7→4.0 wt.% or –15%). In doing so, Ge additive, despite of its interaction with ball 
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milled MgH2 at the higher temperatures, inhibits sintering and recrystallization of Mg / MgH2 thus 
preserving its nanocrystalline morphology. 
4.4.3 Hydrolysis of the MgH2 and MgH2-Ge nanocomposites 
Results of the hydrolysis experiments are summarized in Table 4.9. The last column of the table 
specifies the ratio of the total amount of H2 (integrated flow rate; the column before last) released 
during 1 minute since the start of hydrolysis reaction to the theoretical amounts of the generated 
H2 calculated from the amount of the sample taken for the hydrolysis experiments (0.2 g), content 
of MgH2 in the sample (Table 4.9; assuming no interaction of Ge with the acid solution) and the 
equation of the hydrolysis reaction: 
MgH2 + 2 H2O → Mg(OH)2 + 2 H2 (4.1) 
or, considering acidic medium applied in the experiments, 
MgH2 + 2 H
+ → Mg2+ + 2 H2 (4.2) 
  
108 
 
Table 4.9: Summary of the hydrolysis experiments. 
Experim
ent # 
Sample characteristics Hydrolysis conditions H2 generation (t=1 
min) 
Notatio
n 
Conten
t of Ge 
(wt.%) 
Milling 
time 
(h) 
Acid C 
(wt.%) 
T (°C) Release 
(NL) 
Yield 
(%) 
1 5GMH
0 
0 5 aa 50 30 0.2278 66.9% 
2 1GMH 5 1 ca 30 0.3274 96.1% 
3 aa 0.3161 92.8% 
4 40 0.2780 83.4% 
5 60 0.2158 97.7% 
6 70 0.2965 91.1% 
7 2GMH 2 50 0.3121 91.6% 
8 5GMH
1 
5 0.3225 99.7% 
9 10GM
H 
10 0.2789 89.1% 
10 5GMH
2 
10 5 0.2818 97.5% 
11 5GMH
3 
15 0.2774 95.8% 
12 5GMH
4 
20 0.2588 95.0% 
13 40 0.2496 91.6% 
14 50 0.2591 95.1% 
 
Figure 4.25 presents typical kinetic curves of the hydrolysis reaction including time dependencies 
of flow rate of released H2 (a) and integrated specific (per 1 g of the material) amount of the 
generated H2 (b). All the data show that the reaction proceeds very fast and virtually completes in 
1–2 minutes, in a good correspondence with the reference data on hydrolysis of MgH2 in aqueous 
organic acid solutions [208].  
As it can be seen from Figure 4.25 and Table 4.9 (experiment / curve #1), the ball milled 
unmodified MgH2 exhibits the slowest kinetics of H2 evolution, with approximately constant 
reaction rate during the first 10 seconds of the reaction gradually decreasing thereafter. Such 
behaviour can be explained by the formation of Mg(OH)2 which cannot be completely dissolved 
in the acid in a short time and thus blocks the surface of remaining MgH2, preventing hydrolysis 
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according to reaction (4.1). Even in the concentrated (50 wt.%) acetic acid, the total amount of H2 
released in 1 minute was below 70% of the theoretical one.  
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Figure 4.25: Differential (a) and integral (b) kinetic curves of hydrolysis of MgH2–Ge composites. 
Curve numbers correspond to the numbers of experiments specified in first column of Table 4.9. 
Introduction of 5–20 wt.% Ge in the composite significantly improves hydrolysis performance of 
MgH2 when >80% H2 yield is observed after less than 1 minute. Under the optimal hydrolysis 
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conditions (30–50 wt.% of acetic or citric acid at T=30 °C) the yield approaches 100% (see Table 
4.9). The H2 generation of ~1.56 NL/g, was achieved for the composites containing 5 wt.% Ge; 
the increase of Ge content to 20 wt.% resulted in the lowering of the amount of the generated H2 
to 1.26 NL/g. 
The reaction rates (Figure 4.25(a); curves 2, 3, 9) significantly exceed the one for the unmodified 
MgH2 (curve 1).  
The increase of ball milling time from 1 to 10 hours does not significantly change the kinetics of 
hydrolysis of MgH2–Ge (5 wt.%) composite (50 wt.% aa; T=30 °C). However, for the sample 
10GMH ball milled for 10 hours (#9), a noticeable decrease of H2 yield was observed despite the 
fastest reaction kinetics at the beginning. This sample was also characterised by the highest 
abundance of MgO observed in the course of XRD studies of ball milled MgH2 – Ge composites 
(see Table 4.9; 10GMH). We note that the low H2 yield from unmodified ball milled MgH2 (#1) 
can also have its origin in the presence of high amount of MgO in this sample (Table 4.4; 5GMH0). 
However, the unmodified MgH2 also exhibited 1.5–2.5 slower H2 generation rates than MgH2–Ge 
composites (Figure 4.25(a)). 
As can be seen from Figure 4.25(b) and Table 4.9, both citric (curve 2) and acetic (curve 3) acid 
at the concentration of 30% and T=30 °C provide almost complete hydrolysis of MgH2 – 5 wt.% 
Ge composite in ~1 minute. The H2 evolution kinetics are, however, faster for the acetic acid. Most 
probably, the difference is related to the different pKa values of the studied acids related to their 
reactivity with the substrate [230, 231].  
The increase of the concentration of acetic acid from 30 to 60 wt.% results in the improvement of 
the reaction kinetics, in agreement with the literature data [146, 152, 231]. Further increase of the 
aa concentration to 70 wt.% results in slowing the hydrolysis down, but the reaction rates remain 
fast resulting in the H2 release above 95% of the theoretical amount in one minute. 
The increase of reaction temperature from 30 to 50 °C does not significantly change the reaction 
performance. At all the temperatures (sample 5GMH4, 50 wt.% aa) the yield of H2 achieved in 
one minute was close to 100% (Table 4.9; ##12–14). 
The improvements of hydrolysis reaction by the addition of Ge can be explained by the 
incorporation of Ge into MgH2 matrix during ball milling testified by TEM studies in this work 
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(Section 4.3.2.3). The formation of heterogeneous nanostructures in the materials due to ball 
milling results in the increase of reaction surface area, an increase of the number of nucleation 
centres, and the creation of micro-galvanic cells between well-distributed Mg and the foreign metal 
particles (Ge in this case) [16, 18, 146, 188, 232-235]. Additional improvements may be due to 
high reactivity of MgH2–Ge interface in the ball milled composites which easily undergo phase 
transformation MgH2 + Ge → Mg2Ge. 
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4.5 Hydrogen generation from magnesium hydride and brewery wastewater treatment in 
weak acidic condition 
 
Hydrogen generation from metal hydride is an important topic due to its various benefits, such as 
cost-effectiveness and environmental friendliness. Metal hydrides are rich reservoirs of hydrogen 
( high volumetric and gravimetric hydrogen contents). Magnesium hydride (MgH2) as a metal 
hydride is receiving considerable interests for hydrogen generation due to its relatively low cost, 
less environmental harmful by-products, and relative abundance owing to the prevalence of 
magnesium (Mg) in the earth’s crust [149, 185]. Furthermore, MgH2 has about 7.5 wt% interstitial 
hydrogen concentration[223, 236].  
Hydrogen generation from metal hydride provides a promising technique to supplement energy 
generation in a world that is facing a steady increase in energy demand. Hydrogen generation via 
hydrolysis involves the reaction of water with a substrate which leads  the liberation of stored 
hydrogen in the substrate. Hydrogen generation from hydrolysis has found an application as a 
clean method of hydrogen generation  as an energy carrier that can be used as fuel for different 
devices, automobiles, unmanned autonomous systems (UAS) military applications, and other 
portable devices with low energy comsumption [237]. Various metal and chemical hydrides have 
been explored as substrates in hydrogen generation through hydrolysis studies, such as 
borohydride based complex hydrides,  LiAlH4 and MgH2 [114, 238-240]. Sodium borohydrides 
(NaBH4) have a high volumetric hydrogen concentration, but the major limitation of the use of the 
substrate is the corrosive nature of the reaction product [241]. Similarly,  LiAlH4 is also a good 
candidate for hydrogen generation albeit the uncontrollable nature of its hydrolysis reaction poses 
a safety challenge while hydrogen generation from MgH2 is relatively a controllable reaction. 
However, the major challenge with the MgH2 is the covering of the surface of the reaction sites on 
the crystals by the formation of Mg(OH)2 upon its exposure to the atmosphere and/or water. The 
formation of Mg(OH)2 slows down the reaction kinetics of the hydrolysis by covering the reaction 
sites on the MgH2 crystals, hence lowering the reaction rate-determining step [152]. Moreover, in 
an effort to overcome the challenge posed by passivation of reaction sites due to oxidation in metal 
hydrides, Ma and co-workers [210], conducted a study on comparison of the effect of oxidation 
on hydrogen yield through hydrolysis using MgH2-LiNH2 composites. In the study, the authors 
reported their findings by comparing hydrogen yield between the MgH2-LiNH2 sample exposed 
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to air and those that were handled in inert condition which demonstrated that the hydrogen yield 
from the air controlled samples was slightly higher than that from the air-stable versions. 
Furthermore, various catalysts have been explored to increase reaction kinetic in metal hydride 
and chemical hydrides studies. However, the cost and environmental friendliness of the catalysts 
could prove expensive. Acidic catalysis of hydrogen generation reactions through chloride salts 
have been reported [238, 242], conversely, the challenge with such an approach may include 
environmental pollution from the reaction solutions due to the corrosive nature of some of the 
catalysts. Similarly, the use of metal catalysts is reported to provide a benefit of a controlled 
reaction unlike the use of acid as reaction accelerators, however, the technique may result in 
complex engineering design leading to bulkiness - a prohibitive feature for onboard vehicular 
applications [237]. Moreover, the use of organic acid accelerators in hydrogen generation reactions 
via hydrolysis offers benefits such as relatively moderate cost and environmental benignness [184]. 
In this study, the application of acetic acid, an organic environmentally friendly acid as an 
accelerator in hydrogen generation reaction from MgH2 powder, is reported. 
Nevertheless, the high consumption of alcoholic beverages and brewery by-products makes 
brewery industries fashionable and acceptable in many nations of the world. This has led to an 
application of millions of gallon of water for its effective running hence releasing huge wastewater 
in the process [243]. Breweries/ distilleries operation is energy-intensive process, i.e, the energy 
requirement for the treatment of huge streams of wastewater produced during brewery process is 
very high. Until now, hydrogen has been generated from wastewater streams of various 
compositions using techniques such as biological approach [244]. For example, Laurinavichene 
and coworkers [245], reported dual-purpose objectives of wastewater bioremediation and 
hydrogen generation from distillery wastewater using photofermentation process.  
Moreover, the composition of brewing effluent can experience significant fluctuation depending 
on various processes steps that take place within the brewing process, while the amount of 
wastewater generated depends on the level of water consumption during this process. The 
consumption level per volume of beer produce can reach 4.7m3/m3 of [246]. The wastewater to 
beer ratio often sit around 1.2 m3/m3 to 2m3/m3 which is significantly less than water intake as a 
starting material due to the fact that part of this water is disposed of as by-product or lost through 
evaporation 19, 20 [247, 248]. The organic component of brewery wastewater effluent contains 
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biodegradable compounds, which consist mainly of ethanol, soluble starch, sugar, and volatile 
fatty acids, which enable reflection of a BOD/COD ratio of 0.6 to 0.7.  
However, the application of acetic acid (aa) in effluent treatment reveals an increase in conversion 
of organic compounds to carboxylic acids and straight-chain hydrocarbons as the concentration of 
aa increases. Mizuno et al. [249] studied the products of pollutant oxidation in the wastewater 
formed under the influence of hydroxyl radicals generated during oxidation process with the use 
of ozone and hydrogen peroxide. They found that as a result of oxidation, total organic carbon 
concentration in the wastewater decreased distinctly and they observed an increase of carboxylic 
acids: formic, acetic and oxalic acids. In the oxidized wastewater, the content of total organic 
carbon generated from carboxylic acids reached 50% of the total content of TOC. Additionally, it 
was found that during the oxidation process, organic compounds present in the wastewater were 
fully mineralized to CO2 in 70%, and in 30% they were transformed into carboxylic acids.  
4.5.1 Xray diffraction (XRD) analysis of commercial MgH2 
To provide information on the material and structural properties of the commercial MgH2 powder, 
which was used as hydrogen generation substrate, XRD analysis was conducted. From the GSAS 
Rietveld analysed graph shown in Figure 4.26, two major phases were observed, namely: α-MgH2 
and Mg. Furthermore, GSAS Rietveld analysis reveals that the orthorhombic α-MgH2 phase has a 
crystallite size of approximately 52 µm. The Mg/MgH2 ratio in the material was found to be 0.084. 
This value also shows the purity and quality of the material. The crystallite size results shown in 
the Rietveld analysis are consistent with the information provided by the manufacturer of the 
MgH2 powder, who reported that the average particle size for the MgH2 is 50 µm. Moreover, sharp 
peaks observed in the graph indicate that the crystallite size of the material is not at the nano- size 
level. Furthermore, in the as-received MgH2 used for the study, the tetragonal α-MgH2 is the 
predominant phase. The  α-MgH2 is a stable phase of MgH2 that is usually predominant in materials 
which have been ball-milled at a low time and speed duration [188]. It is often associated with a 
high hydrogen mobility [250]. Moreover, the MgO phase usually associated with ball milled MgH2 
is not present in the sample. These attributes are a confirmation that little to no effect of oxidation 
is evident on the substrate. 
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Figure 4.26: XRD pattern for MgH2 
 
4.5.2 Effect of acetic acid concentration in brewery wastewater on hydrogen production 
Figure 4.27 shows the hydrogen generation and flow rate from the hydrolysis of 0.6g MgH2 in 50 
wt% aa. Furthermore, Figure 4.28 represents the hydrolysis of MgH2 in brewery wastewater and  
different aa concentration ( 20, 30, 40 and 50wt%). Line 1, 2, 3 and 4 represent the hydrogen yield 
curves for 20, 30, 40 and 50 wt% wwaa respectively. The minumium H2 generation was recorded 
for the wwaa 20wt% sample,  the 30 wt% wwaa, and the 40 wt% wwaa samples.  The 50wt% 
wwaa (as shown in Figure 4.47 and Figure 4.28) showed the highest H2  generation and release. 
The release of H2 gas increased as the concentration of aa increased. Therefore, hydrogen yield  
and aa concentration displayed direct proportionality. Furthermore, the pka of the aa enhances the 
fast release of H2 from MgH2 , thus ameliorating the passivation effect of Mg(OH)2 on the 
production of H2. The aa also helps in the degradation of the organic compounds in the ww sample. 
This observation is reinforced by the faster reaction kinetics  based on aa concentration.  
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Figure 4.27: Hydrogen generation and flow rate of wastewater sample contaning 50 wt% aa 
 
 
Figure 4.28: Hydrolysis of MgH2 in brewery wastewater: effect of acetic acid concentration on 
hydrogen production where (1) H2 yield 20 wt.% aa, (2) 30 wt.%aa, (3) 40 wt.%aa and (4) 50wt% 
of aa. 
Table 4.10 summarises the results of experiments of hydrogen production using hydrolysis. The 
last three columns of the table show the ratio of the total amount of H2 (integrated flow rate) 
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achieved  during 1, 5 and 10 minutes of hydrolysis reaction time, compared to the theoretical 
values of  H2 for 0.6 gram of MgH2. The optimum H2 release condition in the experiment is 50 
wt% wwaa (shown in the last row in Table 4.10). The H2 yield was 82 % within 1 minute of the 
hydrolysis reaction, and peaked at 83% within 5 minutes of the hydrolysis reaction.  
 Figure 4.29 represents the kinetic curves of the reaction which shows the influence of time on 
flowrate and  H2 generation. As can be seen in Figure 4.29,  curve 1, wastewater sample 
contatining 20 wt% aa had the lowest flow rate, followed by curve 2 (30wt%), with 40 wt% acetic 
acid concentration (curve 3) had the second-highest flowrate while curve 4 representing the 
hydrolysis of sample containg 50wt% aa showed the highest flowrate. The impact of aa in 
accelerating the hydrolysis is evident here. Furthermore, it can be observed from Figure 4.29 that 
reaction kinetics was fast and complete within 1 to 2 minutes. This is in agreement with 
observations in the hydrolysis of MgH2 in  aqueous organic acid solutions reported  by Kusch et 
al.[208]. 
In addition, the influence of aa concentration on ww solution was further displayed in curve 1 (20 
wt% wwaa) which had the lowest aa concentration, indicated by the slowest kinetics for H2 
liberation. This is implied by the low reaction rate observed during the first 12 seconds of 
experimental investigation. The low reaction rate is due to the inhibition of reaction sites by 
Mg(OH)2 which results in the creation of a passive layer on the MgH2 surface, which stops the  
progression of the hydrolysis reaction. Similarly, the results presented in Table 4.10 show that 20 
wt% wwaa (curve 1 in Figure 4.29) had the lowest H2 evolution ( with 55% of theoretical H2 in 
MgH2) which was recorded within the first 18 seconds of reaction. Beyond this point, the 
hydrolysis reaction had ceased. The sample with the highest H2 evolution  was  50wt% wwaa 
(curve 4 Figure 4.29),  with an H2 yield of approximately 83% of the theoretical value, and a  
maximum flow rate of approximately 5.3 NL/min. Furthermore, the 30wt% wwaa sample (Table 
4.10) recorded the second least H2 evolution, reaching around 60% of theoretical H2 value within 
1 minute, and 62 % within 5 minutes. 40 wt% wwaa sample also  displayed an  H2 yield  of 
approximately 80% within 60 minutes of the experiment, thus confirming the role of aa 
concentration on H2 evolution.   
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 The effect of passivation of MgH2 on H2 evolution through the formation of Mg(OH)2 could still 
be noticed, as none of the samples reached the theoretical value of H2 containing in MgH2 (as 
shown in Table 4.10).  
It could also be observed that each flow curve had two pronounced peaks with a depression in 
between them, which indicated that a drop occurred for both the first and the second increment in 
H2 evolution.  A similar observation was reported by Kusch et al.[208] on the influence of both aa 
and DI water.  Moreover,  this phenomenon occurred within the first few seconds in all 
experiments. 
 
Figure 4.29: Hydrolysis of MgH2 with brewery wastewater: effect of acetic acid concentration on 
hydrogen production and flowrate (curves 1,2 3 and 4 respectively indicating  the hydrogen 
production in the present of 20, 30, 40 and 50wt% of aa.). 
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Table 4.10: Summary of hydrolysis of  0.6g MgH2 in ww and acetic acid mixtures 
Curve 
reference 
(Fig.4) 
Sample 
Characteristics 
Hydrolysis 
conditions  
 
Hydrogen production performance 
Max H2 
generation 
rate (NL) 
H2 yield (released / 
theoretical, %) 
Notation Vol. of 
solution 
(ml) 
Conc. 
(wt%) 
 t=1 min t=5       
min 
t=10 min 
 1 50 20 0.5671 55 55 55 
 2 50 30 0.6451 60 62 63 
 3 50 40 0.8204 80 80 80 
 4 50 50 0.8864 82 83 83 
 
4.5.3 Evaluation of wastewater treatment after hydrolysis 
The pH, EC and COD of the samples before and after hydrolysis was measured, as presented in 
Tables 4.11 Reducing the pH of the wastewater sample from 7.25 to 3.57 is intially  due to the 
addition of acetic acid to the samples which helps free ionic movement within the solution. This 
implies that as the concentration of aa increases pH reduces. The result obtained can assist in future 
experimental design by adjusting the solution pH to the desirable value and avoid consuming extra 
amounts of acid. Addition of aa resulted in an increase in EC, as can be seen when compared the 
EC results of raw wastewater (wwaa) (3.09 ms) to 20.0 ms, 18.12 ms, 14.66 ms, 11.93 ms obtained 
from samples with a combination of aa, wastewater and MgH2. However, it can also be observed 
that the EC reduced when aa was added to wastewater without MgH2. The increase in EC could 
be due to the formation of magnesium salt after the hydrolysis reaction, which consequently 
increased the total disolved solid, hence the increase in the EC.   
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Table 4.11: Characteristics of brewery wastewater sample before and after hydrolysis in the 
presence of acetic acid (aa)  
Sample/ material EC (ms) pH COD (mg/l) 
wwaa 3.09 7.25  5345 
50 wt% wwaa+MgH2 11.93 3.57 860 
40 wt% wwaa+MgH2 14.66 3.84 1074 
30 wt% wwaa+MgH2 18.12 4.03 1954 
20 wt% wwaa+MgH2 20.0 4.31 1133.25 
 
The effect of hydrolysis on wastewater was further studied using UV-Vis spectroscopy. The 
recorded UV-Vis spectra of samples are presented in Figure 4.30. The changes in waste water 
samples before and after hydrolysis could be clearly seen in Figure 4.30. The shifting of the UV–
Vis spectra of the samples towards the lower wavelength indicates the conversion of organic 
materials present in the wastewater to  other organic matters with a lower wavelength. The shift 
towards the UV side indicated by the decolourisation of the wastewater validates the result. 
Moreover, this is supported by the disappearance of the spectra in the visible region, thus 
signifying the reduction in colour. These results are in agreement with the COD reading. 
As indicated in Figure 4.30, the absorption intensity of the sample reduces proving the reduction 
of organic compund concentration or coverting to simpler compounds with the support of COD 
reduction.  
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Figure 4.30: UV spectra absorption of raw watewater and its samples with different concentration 
of acetic acid after hydrolysis  where ( 1) 50 wt% aa, (2) 50 wt% wwaa, ( 3) 30 wt% wwaa, (4)40 
wt% wwaa;(5) 20 wt% wwaa and (6) wwaa (raw). 
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4.5.4 Fourier transform infrared spectorcopy (FTIR) analyses of MgH2, wastewater and acetic 
acid at various concentrations 
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Figure 4.31: FTIR spectra of the brewery wastewater, acetic acid, MgH2 hydrolysis solution 
 
To further study the effect of acetic acid and hydrolysis on wastewater quality and treatment, FTIR 
was performed. Figure 4.31 shows the FTIR spectra for the solutions used in the study for 
hydrolysis which resulted in partial wastewater treatment. The peak obtained for all the spectra 
were discernible and of good quality. The overall shapes of all the spectra were similar except for 
aa where the peaks were more pronounced (500-1700 cm-1). In the FTIR  analysis of different 
wastewater samples before and after hydrolysis reaction, the peaks absorption spectra at  3500-
3342 cm-1, 1717-1702 cm-1, 1694-1627 cm-1, 1567-1545 cm-1, 1404-1392 cm-1, 1278-1218 cm-1, 
1043-1002 cm-1, 879-612 cm-1 were respectively assigned to O-H bending from phenolic group, 
C=O bending, C=O stretching, N-O stretching, C-H stretching from CH2 groups in aliphatic 
chains, C=C stretching from aromatic ring, C-O stretching, C-H vibration of the aromatic ring 
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[251-260]. There is a broad O-H bending absorption band peak for all the samples at 3500-
3342cm1 except for aa sample, which introduce some functional groups into the treatment samples. 
All the spectra show complex absorption bands at 1750-1100 cm-1with the exception of ww and 
aa that show absorption beyond this range. This absorption band might be due to the C=O stretch, 
O-H bend, C-H stretch because of the introduction of the aa which results in the  introduction of 
hydroxyl groups into the treatment sample. They also show alcoholic C-O stretching, which 
corresponds to the formation of carbonyl and carboxylic C-O stretching [261, 262]. 
Furthermore, the appearance of broad band spectra at 3500 cm-1 for all treated samples except the 
sample which contains only aa is due to the decrease in intensity of the O-H bending at 3500 cm-1 
in 50wt%aa and 50%wwaa. This reinforces the observation that increases in the concentration of 
aa in the wastewater reduces the organic pollutant. The peak around 3400 cm-1 was pronounced in 
all samples except aa, due to the absence of some organic matter which are presence in the brewery 
wastewater. However, the peak at approximately 3342 cm-1 was the most pronounced in the raw 
brewery wastewater and least pronounced in ww 50aa which is the samples with the least amount 
of aa (50% ww +50%aa). This is an indication that the hydrolysis reaction resulted in the 
degradation of organic pollutants in ww which takes place through the bonds breaking.  
However, another observation noticed from the FTIR spectra (Figure 4.31) is the shift of the OH 
spectra which could have resulted from brewer’s spent grain (BSG) that have found its way into 
the brewery effluent. BSG is a major by-product in the brewery process which accounts for 30-
60% of BOD and/or COD [263]. This residual solid fraction is obtained through temperature 
ramping up to about 80 °C in order to promote hydrolysis of starch from malt to fermentable sugar. 
However, the high content of lignocellulosic (cellulose, hemicellulose, and lignin) and 
arabinoxylan content which are the main components of BSG is a source of concern due to the 
difficulty in the hydrolysis of this constituent component which are complex and difficult. It has 
been reported by Hendriks and Zeeman [264] that major limiting factors for lignocellulosic 
hydrolysis are the cellulose crystallinity, degree of polymerisation, lignin and moisture content. 
The highly crystalline cellulose structure has less surface area for easy accessibility for reacting 
with enzymatic contact when compared to other material with an amorphous structure [265, 266]. 
The crystalline structures have closely packed middle structure and a bulky long chain that makes 
it difficult for reacting enzymes to access desired material. It also takes time to break down this 
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material to a smaller chain, thus reducing the hydrolysis rate.  In the case of lignin, it impedes 
hydrolysis by covering the surface of hemicellulose and preventing enzyme contact. The 
application of the treatment on brewery effluent ensures the removal of hemicellulose by 
increasing the aa concentration in the treatment. It has been reported that elimination of 
hemicellulose increases the pore size of the lignocellulosic substrate thereby increasing the 
probability for cellulose degradation through hydrolysis [264]. Another major by-product from 
brewing processing industry is brewer’s spent yeast (BSY). This yeast which converts sugar to 
CO2 during the fermentation process has been used as a source of nutrient for animals especially 
fish and human nutrition, industrial yeast component and microbial growth [267]. This yeast has 
a thick cell wall which comprises glucan, chitin, phosphomannose, and protein [268]. Complete 
digestion of BSY is difficult due to the well-developed thick cell wall thus leading to low 
hydrolysis [260]. Some of the reported investigations of using various pre-treatment technique for 
BSY hydrolysis has not improved the hydrolysis [269]. However, with aa introduction, the 
hydrolysis of brewery wastewater was greatly improved, as shown in Figure 4.31. 
Nevertheless, Randall and Chapin reported that wastewater, especially from brewery effluent, may 
contain isopropyl alcohol, acetone and other organic chemicals typical/or associated with 
industrial wastewater [270].  
4.5.5 Gas chromatography mass spectroscopy (GC-MS) analyses of of MgH2, wastewater and 
acetic acid at various concentrations 
The wastewater samples were further analysed by GC-MS. The brewery effluent is characterised 
by a high content of organic biodegradable compounds [271]. The hydrolysis of ww by the 
increment in the concentration of aa in MgH2 sample reveal a reduction in pollution load. This 
may have occurred because acetic acid can be formed as an intermediate or final product due to 
the oxidation of high molecular compounds leading to a reduction in pollution burden. The 
presence of acetic acid in the wastewater can affect significantly the mechanisms of oxidation 
[249, 272, 273]. The reduction and conversion of organic compound are shown in Table 4.12 and 
Figure 4.32 and Appendix B.  From the GCMS chromatogram, it was revealed that acetic acid 
had the main peak at retention time of 12.443 min (see Appendix B), which is an Alkanone group.  
The raw brewery wastewater contains organic component which mainly consists of oxime, 
siloxane and alkanal and their derivatives in the treated ww samples after hydrolysis. The 
introduction of the treatment method into the initial raw influent sample reveals a decrease in the 
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organic contaminant through the degradation process into the products that are harmless to the 
aquatic environment [269, 274, 275]. The organic component pollutant observed include aromatic 
hydrocarbons, alkanes, alkenes, alkanal, alkanols, alkanone, acetate derivatives, siloxane 
derivatives, cyclic compounds, proteins, carboxylic acid derivatives, straight chains aliphatic 
compounds, oxime derivatives. However, a similar observation was reported by Janhom et al. in 
an investigation which  revealed that brewery effluent has a high level of aromatic organic content 
classified as humic substances with high average molecular weight using fluorescent excitation-
emission matrix (FEEM) [276]. Moreover, production of short-chain volatile fatty acids (VFAs) 
which inform the production of various organic matter/by-products detected in the GC-MS 
analysis as shown in Table 4.12 and Figure 4.32 [270]. Similar observation was reported by Kos 
and co-workers  when it was stated that the addition of aa into wastewater can cause deterioration 
by means of degradation of pollutant in wastewater [277, 278].  
The presence of dissolve organic matter (DOM) in the effluent of brewery ww could lead to the 
formation of DBP and this depends on the organic composition of the organic matter contained in 
the water (Table 4.12). For the treated wastewater, the type of organic matter present in the 
wastewater depends significantly on the type of industry and the nature of the treatment system. 
Although, with the current investigation the possibility of the present of DOM is likely with the 
nature of brewery ww collected (Table 4.12). DOM in wastewater is highly heterogeneous 
consisting of various molecular weight compounds from simple structures to very complex 
polymers [272]. This was evident in the result obtained by GCMS in this present study which 
showed reduction in level of carboxylic, alkanone, alkanal and straight chain hydrocarbon 
compounds present or remaining after treatment samples. The analysis obtained from the GCMS 
revealed that degradation of the organic pollutant did occur. The application of MgH2 and acetic 
acid for the generation of H2 leads to hydrolysis and reduction of toxic compounds to non/less 
toxic ones as presented in (Table 4.12 and Figure 4.32). As it can be seen, by increasing the 
percentage of aa concentration, pollutants A and B reduced steadily, while pollutant C disappeared 
after increasing the aa concentration by 30% and above. Addition of aa during hydrolysis produces 
some intermediates which fluctuate in different samples with different concentration of aa in the 
solution. It shows the optimum percentage of acetic acid used in the hydrolysis prevents the 
formation of refractory compounds. There are intermediate products peaks which were observed 
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in samples, indicating the degradation of organic compounds in the wastewater during hydrolysis 
process in the presence of acetic acid.  
The GCMS analysis reveals that the hydrolysis process in the presence of acetic acid was 
successful for degradation of oximes by 99% in the sample containing 50% aa. This indicated that 
the degradation of major toxic phenolic compounds had occurred. It also revealed that at the 
optimum concentration of 50% acetic acid it does not produce or increase any refractory 
compound.  
Table 4.12: Major pollutants detected by GCMS in the wastewater samples before and after 
hydrolysis in the presence of acetic acid 
 % Area of pollutant recorded by GCMS   
% 
ace
tic 
aci
d 
Pollut
ant     
 
Samp
le 
A  B C D E F G H I J K 
 Oxi
me 
Silox
ane 
Alka
nal 
Carboxylic Est
er 
Acetoni
trile 
Straith 
chain 
aliphatic/ar
omatic 
hydrocarbo
n 
0 ww 66.1
1 
14.11 3.53 0 0 0 0 0 0 0 0 
20 ww2
0aa 
38.6
7 
2.08 3.88 18.
29 
0 0 0 0 0 0 0 
30 ww3
0aa 
8.3 1.02 0 45.
51  
7.4
3 
0 0 7.4
3 
0 0 0 
40 ww4
0aa 
5.8 0.86 0 17.
77 
18.
93 
0 12.
66 
12.
51 
0 0 8.51 
50 ww5
0aa 
0.7 0.41 0 5.2
4 
20.
31 
14.
01 
13.
11 
0 14.
49 
11.82 1.37 
* where, A (Methoxy-phenyl oxime), B (Hexamethyl cyclotrisiloxane), C (Trimethyl benzaldehyde), D (9-
Octadecanoic acid), E (Octadecanoic acid), F(Octadec-9-enoic acid), G (Linoelaidic acid), H (9-
Eicosenoic acid), I (Ascorbic acid 2,6-dihexadecanoate), J[(z)- 18-octadec-9-enolide], K [1H-purin-6-
amine, (2-flurophel)meth]. 
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Figure 4. 32: Column graph for the major pollutants detected by GCMS in the wastewater samples 
before and after hydrolysis in the presence of acetic acid  
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4.6 A Synergistic effect of LiAlH4-NaAlH4 additive on MgH2 nanocomposite for hydrogen 
generation and wastewater treatment 
 
The world’s dependence on energy as a driver of the economy is unabated. For this reason, there 
is a need for investment in various energy sources to complement the major energy sources of 
today. One of the energy sources with great potential is hydrogen. Hydrogen is an alternative 
energy carrier being sought after because of its various interesting characteristics such as minimal 
environmental pollution, potentially cheap production cost and its ability for use in onboard 
vehicular application as fuel, fuel cell energy supply and for powering light military applications 
[60, 207, 209]. Hydrogen generation from metal and complex metal hydrides are important 
methods of hydrogen generation. These set of materials have alluring attributes such as relatively 
high gravimetric hydrogen content [59, 279], fairly affordable cost and non-corrosive reaction 
products in most cases [280, 281]. 
Lithium aluminum hydride (LiAlH4) is a complex metal hydride that has been explored in 
hydrogen storage studies but scarcely for hydrogen generation [12, 282, 283]. However, its usage 
as hydrogen generation substrates via hydrolysis has been largely through mixing with other 
substrates. For example, Sifer and Gardner, Luo and co-workers reported the use of LAlH4 NH3 
as hydrogen generation substrate in an on-demand hydrogen generation system. The substrates 
were kept separately when the reaction was off and brought together when hydrogen generation 
was required [284, 285]. They reported that the hydrogen generation was about 13 wt.% 
gravimetric quantity [284]. Furthermore, LiAlH4 was among hydrogen generation nanocomposites 
made up of magnesium hydride (MgH2) , calcium (Ca) and lithium (Li) in an hydrolysis reaction 
by Hout et al. [16]. In the study,[16]  the addition of  LiAlH4 known for fast reaction kinetics in 
the composites used for hydrolysis reduced the slow reaction kinetics in MgH2 used as the major 
material.  
LiAlH4 is a rich source of hydrogen with about 11 wt.% H2 concentration by weight (gravimetric) 
and volumetric hydrogen concentration of about 96.7 g-H2 l
-1 [286]. Another advantage of using 
LiAlH4 as hydrogen production substrates is that its constituent materials are readily available 
[284].  
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LiAlH4 reacts with water to generate hydrogen according to equation 4.3: 
LiAlH4 +4H2O → LiOH +Al (OH)3 +4H2                                                            (4.3) 
Moreover, Sodium aluminum hydride (NaAlH4) is another complex metal hydride that has been 
widely studied for hydrogen storage purposes [287-289]. NaAlH4 hydrogenation reactions have 
about 5.5 wt. % gravimetric H2 content [290]. Hydrogen desorption (dehydrogenation) in NalAH4 
takes place largely in two stages at moderate temperatures, however the reactions suffer from 
thermodynamic and kinetic limitations. High hydrogenation and re-hydrogenation temperature and 
pressure are some of the major limitations to the utilisation of NalAH4 for sustainable hydrogen 
storage medium. The modest gravimetric 5.5 wt.% H2 capacity and sluggish reaction kinetics of 
NaAlH4 are among the major drawbacks for sustainable hydrogen storage using NaAlH4. 
Moreover, various approaches have been explored to reduce the dehydrogenation and 
hydrogenation temperature and pressure of NaAlH4 in addition to gravimetric H2 enhancement. 
For example, Bognovic et al. [291] revolutionised hydrogen storage in NaAlH4  by reducing H2 
desorption temperature and enhanced (brought about)  reaction reversibility through  doping of 
NaAlH4 with titanium tri chloride (TiCl3). Furthermore, the study for the first-time reported 
reversibility of NaAlH4. Moreover, the authors [291], reported improvement (reduction) of 
hydrogenation and dehydrogenation temperature by 80-85 °C. Conversely, despite the 
improvement in reaction thermodynamic and kinetic parameters, the gravimetric H2 capacity was 
reduced in the study [279, 291].  
Nevertheless, by nature, hydrolysis reactions of LiAlH4 and NaAlH4 are exothermic reactions, thus 
limiting application of these complex metal hydrides for the hydrogen generation. In this study, 
we utilised LiAlH4, NaAlH4 and their MgH2 nanocomposites for hydrogen generation by carefully 
controlling the dosage of the reaction substrates. Conversely, wastewater constitutes 
environmental pollution when discharged into the water bodies without proper treatment. The 
development could lead to eutrophication with adverse effects on the flora and fauna in the water 
bodies [292, 293]. Similarly, consumption of improperly treated water by man can lead to diseases, 
which in turn can lead to economic losses or loss of lives [294, 295]. Interestingly, alcohol 
consumption is high globally and brewery wastewater from the distilleries is prevalent. Proper 
treatment of brewery wastewater before releasing to the environment is desirable, thus most 
distillery plants spend a lot of money on wastewater treatment. Wastewater treatment is energy 
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intensive and any approach that can reduce the energy used in the process will save cost and reduce 
the pressure on the electricity from the national energy grids. Moreover, LiAlH4 and NaAlH4 are 
known as  reducing agents, hydrogen storage and generation substrates [296]. In this study, we 
report hydrogen generation from LiAlH4, NaAlH4 and their MgH2 based nanocomposites with 
simultaneous wastewater treatment using hydrolysis technique.   
4.6.1. X-ray diffraction (XRD) analyses of LiAlH4 and MgH2-LiAlH4, MgH2-NaAlH4, MgH2- 
LiAlH4- NaAlH4 nanocomposites and hydrolysis precipitates 
 
Figures 4.33; 4.34; 4.35; 4.36a; 4.36b, and 4.37 present the XRD patterns of the studied samples. 
Figure 4.33 is the XRD data of MGLH, Figure 4.34 shows the XRD pattern of MGN sample, and 
Figure 4.35 is the XRD pattern of MGLHN, Figure 4.36a- as delivered LiAlH4 (LH), Figure 
4.36b- LiAlH4 hydrolysis precipitate (LH-PPT) and Figure 4.37 is the XRD pattern of MGLHN 
hydrolysis precipitate (MGLHN-PPT). The summary of the Rietveld refinement of the XRD data 
was presented in Table 4.13.  From Table 4.13; Figures 4.33; 4.34 and 4.35, the tetragonal alpha 
phase MgH2 (α-MgH2) modification with a and b lattices was found in all ball milled 
nanocomposites. This phase is associated with MgH2 that was ball milled at low speed or short 
duration of time  and it is characterised with high hydrogen movement (kinetics) [250, 280]. This 
is obtainable in the samples because ball milling was done at a moderate speed (300 rpm) in this 
study. Interestingly, the orthorhombic --modification of magnesium hydride (-MgH2) was not 
observed in the samples. The reason for this may be due to the modest ball milling speed (300 
rpm) used for the synthesis of the nanocomposites. Furthermore, the crystallite size of the α-MgH2 
varies slightly in the three samples (39, 37 and 31 nm) for MGLH, MGN and MGLHN 
respectively.  
From the Table 4.13 and the XRD Figures (4.33, 4.34 and 4.35), in addition to MgH2, the peaks 
of all the substrates in the ball milled nanocomposites were evident.  LiAlH4 peaks can be seen in 
Figure 4.33 and 4.35 and the respective columns where the Rietveld refinement data that was 
presented in Table 4.13. The NaAlH4 peaks were discernible in all nanocomposites with NaAlH4 
as evident in Figures 4.34, 4.35 and Table 4.13.  
Comparatively, from Table 4.13 (MGLHN): NaAlH4 has the least crystallite size among all 
compounds in the nanocomposites with a crystallite size of approximately 12 nm compared to 31 
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nm (α-MgH2), 126 nm (LiAlH4) and 3240 nm (Mg). The crystallite size parameters of all 
compounds show the effect of ball milling in reducing crystallite size for increased surface area 
and crystallinity which enhanced reaction kinetics [22].  
Furthermore, on the identification of phases, Mg could be observed in nanocomposites containing 
MgH2 (see Figures 4.33, 4.34, 4.35 and Table 4.13). Moreover, MgO was observed in one of the 
nanocomposites (MGLHN) as can be seen in Figure 4.35 and Table 4.13. The presence of MgO 
connotes oxidation which may have occurred during the synthesis of the substrate. However, the 
presence of MgO is relatively small compared to most of the constituent compounds in the 
composite, as evidenced by the abundance of 4.8%. Furthermore, the observation of MgO in one 
out of the three composites analysed lays credence to the regulation of the synthesis process with 
handling of the substrates in an inert environment which reduces the impact of oxidation.  
 From Table 4.13, the abundances of α-MgH2 and Mg are high in the nanocomposites with 91.1 
% (MGLH), 94.4% (MGN) and 81.9% (MGLHN). This agrees with the high concentration of 
MgH2 in the synthesized nanocomposites. Similarly, the abundance of LiAlH4 and NaAlH4 in their 
constituent nanocomposites were low [ (LiAlH4 - 8.9%) in MGLH, (NaAlH4- 5.6%) in MGN and 
(LiAlH4-2.9% and NaAlH4-10.5%) in MGLHN]. These abundances results agree with the 
relatively low concentration of LiAlH4 and NaAlH4 compared to MgH2 in the composites. 
Moreover, hydrolysis precipitates from the hydrolysis of LiAlH4 and MGLHN were collected and 
analyzed for XRD diffraction pattern and results are presented in Table 4.13, Figure 4.36b and 
Figure 4.37 respectively. From Figure 4.36b and Table 4.13, it could be observed that the 
precipitate of as delivered LiAlH4 formed LiAl2(OH)7(H2O)2 as the sole phase with 100% 
abundance and a crystalline size of ~ 93 nm. Moreover, Figure 4.37 indicates the presence of two 
major phases namely Mg(OH)2 and LiAl2(OH)7(H2O)2 in MGLHN hydrolysis precipitate. There 
is a correlation between the composition of the constituents of the MGLHN nanocomposites (80% 
MgH2-10% LiAlH4-10% NaAlH4) and its hydrolysis precipitate (MGLHN-PPT). From Table 
4.13, MGLHN-PPT has two phases namely magnesium hydroxide / brucite 70% [Mg(OH)2] and 
30% LiAl2(OH)7(H2O)2. The Mg(OH)2 is the hydroxide produced from the reaction of MgH2 with 
water (hydrolysis) while the LiAl2(OH)7(H2O)2 was produced from the hydrolysis of LiAlH4 and 
NaAlH4. The LiAl2(OH)7(H2O)2 phase in MGLHN-PPT is different from the phase observed in 
LiAlH4 hydrolysis precipitate (LH-PPT) as its lattice periods increased with about 8% -unit cell 
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volume as can be seen in Table 4.13. This observation may be due to the substitution of lithium 
(Li) with sodium (Na) in the MGLHN hydrolysis precipitate (MGLHN-PPT). The effect of ball 
milling on crystallinity of the hydrolysis precipitate was observed with the reduction in crystalline 
size of LiAl2(OH)7(H2O)2 from about 11 nm in LiAlH4 precipitate to about 5 nm in MGLHN-PPT 
as observed in Table 4.13. Furthermore, besides the formation of new compounds/phases in the 
hydrolysis precipitates compared to the precursors before hydrolysis in Figure 4.36b and Figure 
4.37, shows broadening of peaks compared to their corresponding samples before hydrolysis 
which indicate increased crystallinity (see Figure 4.35 and Figure 4.36a). The crystallinity 
information from Table 4.13 agrees with this observation. 
 
Figure 4.33: Refined XRD pattern of MGLH 
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Figure 4.34: Refined XRD pattern of MGN 
 
 
Figure 4.35: Refined XRD pattern of MGLHN 
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Figure 4.36: Refined XRD pattern of (A)LiAlH4, and (B) LiAlH4 hydrolysis precipitate 
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Figure 4.37: Refined XRD pattern of MGLHN hydrolysis precipitate 
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Table 4.13: Results from Rietveld refinement of XRD patterns the MgH2-LiAlH4-NaAlH4 nanocomposites (Figures 4.33, 4.34, 4.35,4.36, 4.37) 
 
Phase(a) 
Parameter Value for the sample: 
MGLH MGN MGLHN LH LH_PPT MGLHN_
PPT 
α-MgH2 Abundance (wt.) 0.842(-) 0.877(-) 0.784(-) - - - 
Crystallite size (nm) 39 37 31 - - - 
a(Å) 4.5194(2) 4.5203(2) 4.5196(3) - - - 
c(Å) 3.0222(2) 3.0230(2) 3.0218(3) - - - 
LiAlH4 Abundance (wt.) 0.089(5) - 0.029(5) 1(-) - - 
Crystallite size (nm) 93 - 126 92 - - 
a(Å) 4.834(5) - 4.805(9) 4.8331(2) - - 
b(Å) 7.84(1) - 7.82(2) 7.8199(3) - - 
c(Å) 7.959(9) - 8.01(2) 7.9165(4) - - 
NaAlH4 Abundance (wt.) - 0.056(3) 0.105(5) - - - 
Crystallite size (nm) - 38 12 - - - 
a(Å) - 5.019(3) 5.045(6) - - - 
c(Å) - 11.37(1) 11.35(3) - - - 
Mg Abundance (wt.) 0.069(3) 0.067(2) 0.035(2) - - - 
Crystallite size (nm) 93 108 3240 - - - 
a(Å) 3.2134(7) 3.2115(6) 3.2120(8) - - - 
c(Å) 5.209(2) 5.211(2) 5.207(2) - - - 
MgO Abundance (wt.) - - 0.048(4) - - - 
 Crystallite size (nm) - - 8 - - - 
 a(Å) - - 4.199(6) - - - 
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Phase(a) 
Parameter Value for the sample: 
  MGLH MGN MGLHN LH LH_PPT MGLHN_
PPT 
Mg (OH)2 Abundance (wt.) - - - - - 0.699(-) 
Crystallite size (nm) - - - - - 8 
a(Å) - - - - - 3.1360(4) 
c(Å) - - - - - 4.807(1) 
LiAl2(OH)7(H2O)2 Abundance (wt.) - - - - 1(-) 0.301(2) 
Crystallite size (nm) - - - - 11 5 
a(Å) - - - - 5.174(2) 5.305(9) 
b(Å)     8.822(2) 9.087(9) 
c(Å) - - - - 7.848(2) 7.876(7) 
Milling time (h) 5 5 5 0 0 5 
Rp 0.0415 0.0425 0.0451 0.0751 0.0801 0.0735 
(a) Reference data [218]:  
α-MgH2: Space Group: P42/mnm (#136); a = 4.5349 Å, c = 3.0219 Å (ID: 515327); 
Mg: Space Group: P63/mmc (#194); a = 3.2125 Å, c = 5.2132 Å (ID: 455030); 
MgO: Space Group: Fm–3m (#225); a = 4.241 Å (ID: 850005); 
LiAlH4: Space Group: P21/c (#14); a = 4.845 Å, b = 7.826 Å, c = 7.917 Å (ID: 492923); 
NaAlH4: Space Group: 141/a (#88) [Origin choice 2]; a = 5.021 Å, c = 11.346 Å (ID: 120023) 
LiAl2(OH)7(H2O)2: Space Group: C12/m (#12); a= 5.0972 Å, b = 8.8286(5) Å, c = 7.6911(60) Å 
Mg(OH)2: Space Group: P-3m1(#165); a= 3.149 Å, b = 3.149(5) Å, c = 4.752 Å
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4.6.2 Transmission electron microscopy (TEM) and Energy dispersive X-ray spectroscopy 
(EDS) analyses of LiAlH4 and MgH2-LiAlH4, MgH2-NaAlH4, MgH2- LiAlH4- NaAlH4 
nanocomposites and hydrolysis precipitates 
 
The morphology of the hydrogen storage substrates was characterised by TEM. The presence 
of suggested substrates was confirmed by selected area diffraction (SAD) analysis, and the 
chemical composition of the materials was identified using EDS.   
From Figure 4.38a1, the surface morphology of “as delivered lithium aluminium hydride” 
(LH) reveals that the particles are dispersed in the TEM image. The morphology also reveals 
that the particles are nanocrystalline with an average crystalline size of 92 nm as observed from 
the XRD date of the same sample in Table 4.13. The inset of Figure 4.38 a1 (i.e., Figure 
4.38a2) shows a SAD pattern of the corresponding region confirming the presence of randomly 
oriented thick amorphous flakes. The amorphous nature of LH in this stage is due to the contact 
of LH with ethanol during the sample preparation for TEM analysis. However, it was possible 
to detect the rings, which could correspond to LH and have been indexed with the 
corresponding XRD plane numbers. EDS also reveals the presence of Al as one of the major 
components, however LiAlH4 undergoes oxidation when exposed to the atmosphere indicating 
high oxygen content even before hydrolysis. The presence of chlorine is an impurity in the 
sample. 
The surface morphology of LH precipitate after hydrolysis (LH-PPT) is presented in Figure 
4.38b1, which shows that the particle is nanocrystalline. The SAD analysis as obtained in 
Figure 4.38b2 confirms that majority of the particles are lithium di-aluminate which agrees 
with the results obtained by XRD. The EDS result as can be seen in Figure 4.38b3 shows Al 
and O as the elements in the sample.  
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Figure 4.38: (a1, a2, a3) TEM, SAD miller indices pattern (b) and EDS of LiAlH4 (LH) and 
(b1, b2, b3) of its precipitate (LH-PPT) respectively. 
 
TEM image, SAD pattern and EDS images of as-prepared nanocrystalline MGN and MGLH 
samples are shown in Figure 4.39 (a and b).  It can be observed from TEM images that NaAlH4 
and LiAlH4 are homogeneously distributed in MgH2 matrix, Figure 4.39a1 and 4.39b1 
respectively. The SAD pattern of both samples (Figure 4.39a2 and 4.39b2) shows that the 
samples are high crystalline and polycrystalline in nature. The diffraction rings are indexed to 
the phases and agree with the crystalline phases detected in XRD pattern. Furthermore, the 
EDS analysis confirmed the presence of element composition in both nanocomposites as can 
be seen in Figure 4.39a3 and b3 respectively.  
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Figure 4.39 (a1, a2, a3): TEM, SAD miller indices pattern (b) and EDS of MGN and (b1, b2, 
b3) of MGLH ball milled for 5 hours respectively [The peaks of C and Cu in (a2 and b2) 
correspond to the contribution of copper grid with holey carbon structure holding the sample].  
 
Figure 4.40 shows the HRTEM and EDS for MGLHN, which contains all three hydrogen 
storage substrates, namely MgH2, NaAlH4 and LiAlH4. TEM, SAD and EDS were obtained for 
MGLHN before and after hydrolysis. TEM images of as-prepared MGLHN (Figure 4.40a1) 
show transparent clusters and homogeneous dispersion of the nanoparticles. The morphology 
of sample changed to a transparent 2D sheet after hydrolysis as shown in Figure 4.40b1. The 
SAD diffraction rings and bright spots in both samples before and after hydrolysis shows the 
crystalline nature of the samples (see Figure 4.40a2 and 4.40b2). These diffraction rings are 
141 
 
well connected to the results obtained by XRD. The elemental composition of the materials 
also was clearly detected by EDS as shown in Figure 4.40b3.   
The result of TEM, SAD and EDS in addition to XRD shows the formation of nanocomposite 
which could enhance hydrogen generation from the substrates via hydrolysis.  
 
Figure 4.40 (a1, a2, a3): TEM, SAD Miller indices pattern and EDS of MGLHN ball milled 
for 5 hours and (b1, b2, b3) of  its precipitate after hydrolysis-MGLHN-PPT [The peaks of C 
and Cu in (a2 and b2) correspond to the contribution of copper grid with holey carbon structure 
holding the sample].  
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4.6.3 Hydrogen generation from LiAlH4 and MgH2-LiAlH4, MgH2-NaAlH4, MgH2- LiAlH4- 
NaAlH4 nanocomposites 
The results of the hydrogen generation experiments via hydrolysis technique are summarised 
in Table 4.14. The last four columns (H2 yield) show the ratio of the total amount of H2 (i.e., 
integrated flow rate; max H2 generation column) released during 30 seconds, 1 minute, 2 
minutes and 5 minutes of hydrolysis experiment to the theoretical amounts of H2 generated. 
The theoretical hydrogen amount was calculated from the quantity of substrates used for each 
experiment (0.25g in all except 0.5g in experiment notation 1).  
Figures 4.41, 4.42 and 4.43, present the flowrate curves for the respective hydrolysis 
substrates: time dependencies of the flow rate of H2 and integrated specific amount of H2 
liberated.  
4.6.3.1 Lithium hydride hydrolysis and weight optimisation 
Figure 4.41 presents the H2 evolution curves from 0.25g LiAlH4 and 0.5g LiAlH4. From the 
curve 1 (0.5g LiAlH4), curve 2 (0.25g LiAlH4) and Table 4.13 (see curve reference Figure 
4.41) results of the hydrolysis of as delivered LiAlH4 hydrolysis with 0.25g and 0.5g in brewery 
wastewater was presented. It can be observed that the 0.25g LiAlH4 recorded lower H2 
evolution compared to the 0.5g sample. Maximum H2 evolution 0.7496 normal litre per 
minutes (NL/min) was generated from 0.5g LiAlH4 as compared to 0.1673 NL/min of  
hydrogen yielded from 0.25g LiAlH4. These values correspond to 63% and 28% theoretical H2 
yield. The flowrate spectra shown in Figure 4.41 (curves a and b) and the H2 yield (%) analysis 
reported in Table 4.14 show that reaction kinetics of LiAlH4 was very fast with the H2 
evolution coming to end/ reaching peak within the first 60 seconds of hydrolysis reaction. This 
also aligns with reported vigorous reaction of LiAlH4 with water due to the fast reaction 
kinetics of the material.  
Since the substrate has the same constituents and reactions carried out under the same 
conditions, it can be deduced that 0.5g was a better quantity for H2 generation from the 
hydrolysis of as delivered LiAlH4.  
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Figure 4. 41: Hydrolysis of 025g LH and 0.5g LH, where (1)- H2 evolution from 0.5g LH, (2)- 
H2 evolution from 0.25g LH, (a)- flow rate kinetics from 0.25g LH, (b)- flow rate kinetics from 
0.5g LH 
 
4.6.3.2 Investigation of synergistic effect of nanocomposites on hydrogen evolution 
The influence of ball milling (mechano-synthesis) of nanocomposites for hydrogen production 
was investigated. The study commenced with an attempt to generate hydrogen from the 
hydrolysis of MgH2 which was ball milled for five hours. The hydrolysis was carried out using 
brewery wastewater as a source of water.  Due to the slow reaction kinetics of MgH2 and the 
perceived production of Mg(OH)2 leading to the passivation of reaction site on the MgH2 
crystals, no H2 was recorded to have been liberated from pure MgH2. Thus, no H2 production 
curve could be provided for this material. Having established this fact, hydrolysis of 0.25g 
MgH2 and LiAlH2 (MGLH) nanocomposites was carried out using brewery wastewater. From 
the results presented in Figure 4.42 and Table 4.14, the hydrolysis of 0.25g MGLH resulted 
in a maximum H2 yield of 0.3236 NL/min which corresponds to 70.6% H2 yield compared to 
0.1673 NL/min maximum H2 liberation, which is an equivalent of 28% yield from LiAlH4 (LH) 
under the same condition. The ball milling of LiAlH4 with MgH2 as obtained in the MGLH 
nanocomposite had a synergistic role on MgH2 and LiAlH4 resulting in improved H2 liberation. 
The high reactivity of LiAlH4 with water during hydrolysis compensated for the sluggish 
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kinetics of MgH2 and thus enhanced H2 production. Although the flow rate of reaction  spectra 
of the two substrates exhibited a large spike at the onset, as can be seen in Figure 4.42 (curves 
a and b), MGLH exhibited a better H2 flow rate with continuous flow  for  about 0.8 min 
compared to LH where the H2 dropped to zero within 0.4 min.  
 
Figure 4.42 :Hydrogen evolution and flow rate from 0.25g LH and 0.25g (MGLH), where (1)- 
H2 evolution from MGLH, (2)-H2 evolution from LH, (a)- H2 flowrate from LH, (b)- H2 flowrate 
from MGLH. 
 
4.6.3.3 Hydrogen production from MgH2, LiAlH4 and NaAlH4 nanocomposite 
The synergistic effect of LiAlH4 and NaAlH4 on MgH2 was investigated by the hydrolysis of 
MGLHN in brewery wastewater. The result of the hydrolysis was compared to other ball milled 
nanocomposites (MGN and MGLH) and presented in Figures 4.43. From Figure 4.43 and 
Table 4.14 (curve reference Figure 4.43), it is evident that the three substrates recorded closely 
related H2 evolution pattern. Hydrolysis of MGLH (curve 1) recorded the highest maximum 
H2 evolution (0.3236 NL/min) followed by 0.3147 NL/min from MGLHN (curve 3) and 0.2999 
NL/min from MGN (curve 2). However, when the quantity of H2 generated was compared to 
the theoretical hydrogen, the hydrolysis of MGLHN curve (3) recorded the highest H2 yield of 
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71.08% followed by MGN curve 2 (70.9 % H2 yield) while H2 yield of 70.6% obtained from 
hydrolysis of MGLH was the least. 
 
 
Figure 4.43: Hydrogen evolution and flow rate kinetics from 0.25g MGLH, MGN and 
(MGLHN), where (1)- H2 evolution from MGLH, (2)- H2 evolution from MGN, (3) - H2 
evolution from MGLHN, (a)- flow rate MGLH (b)- flow rate MGLHN, (c)- flow rate MGN. 
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Table 4.14: Summary of hydrolysis from LH, MGLH, MGN and MGLHN 
Curve 
reference 
 
Sample 
Characteristics 
Hydrolysis 
conditions  
 
 Hydrogen production performance 
Max H2 
generatio
n rate 
(NL/min) 
 H2 yield (released / 
theoretical, %) 
Notation Vol. of 
solution 
(ml) 
Susbrate 
weight 
(g) 
 t= 30 
seconds 
t=1       
min 
t= 2 min t= 5 min 
Figure 
4.41 
1 50 0.50 0.7496 62.1 62.5 63.5 63.5 
2 0.25 0.1673 28.2 28.4 28.4 28.4 
Figure 
4.42 
1 0.3236 68.2 70.6 70.6 70.6 
2 0.1673 28.2 28.4 28.4 28.4 
Figure 
4.43 
1 0.3236 68.2 70.6 70.6 70.6 
2 0.2999 68.5 70.9 70.9 70.9 
3 0.3147 64.7 70.3 71.08 71.08 
 
4.6.4 Hydrogen generation impact on wastewater treatment from MgH2 nanocomposites 
Wastewater treatment from hydrolysis of LiAlH4 (LH) and MgH2-LiAlH4-NaAlH4 
(MGLHN) 
To evaluate the efficiency of this hydrolysis for the wastewater treatment, the actual wastewater 
from a brewery industry was used as a source of water for hydrolysis. The samples before and 
after hydrolysis reaction were characterised by COD, FTIR and GCMS.  
The COD for the wastewater before hydrolysis and after hydrolysis with LH powder and 5-
hour ball milled MGLH nanocomposite was measured. The COD from 5345.75 mg/l reduced 
to 418.25 mg/l and 372 mg/l in the case of LH and MGLH respectively, showing a significant 
COD reduction, which is approximately 90%. This is a significant COD reduction while 
hydrogen was produced via hydrolysis. These findings were further investigated by 
characterising wastewater by FTIR and GCMS which gave further details about the 
composition of organic matter present in the wastewater and the changes which happened after 
hydrolysis.  
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Figure 4.44: FTIR Spectra of brewery wastewater samples before hydrolysis and after 
hydrolysis with LH and MGLHN. 
 
FTIR spectra of the untreated wastewater (wwa) and wastewater after hydrolysis with LH and 
MGHN are shown in Figure 4.44. In the wwa spectrum the broad and round bands located at 
3307cm-1, which was observed in all samples corresponds to OH groups of alcohols. The 
intensity of this band reduced after the hydrolysis reaction and the highest reduction was 
observed for the sample hydrolysed with MGLHN. The absorption band at 2800 and 3000cm-
1 represent the aldehyde CH stretch. These bands were very weak in untreated wastewater and 
the wastewater sample treated with LH and was developed during the hydrolysis using 
MGLHN. The absorption due to amide (C=C of the aromatic rings of lignin) at 1638 cm−1 and 
1545 cm−1 also decreased during hydrolysis, which was more significant with LH hydrolysis, 
indicating the removal of amide from the wastewater. The characteristic bands at 1,415 cm-1 
can be attributed to the CH3 asymmetric deformation. The band at 1280 cm
-1 in the samples 
after hydrolysis indicates the formation of a C-O functional group. The appearance of bands at 
1270 cm−1 and 1170 cm−1 in the samples after hydrolysis reaction may indicate C–H 
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deformation and C–O stretching. The intensity of the peaks is minimized as compared to the 
original wastewater clearly indicating removal of certain organics, which agrees with COD 
measurement.   
GC-MS analysis of compounds was carried out for 3 samples (wwa, LH wastewater hydrolysis 
effluent and MGLHN wastewater hydrolysis effluent). The GC-MS chromatogram of the 
samples shows several peaks with different area and intensity as evident from Table 4.15 
Methoxy-phenyl oxime decreased from 66.11% (wwa) to 2.72% and 43.13% for LH and 
MGLHN samples respectively. The oximes are known to inhibit nitrification, with mostly the 
ethyl-, and methyl oximes showing strong inhibition towards nitrification.  
Table 4.15: Gas chromatography-mass spectroscopy analyses of wastewater, MgH2-LiAlH4-
NaAlH4 hydrolysis solutions 
Sample % Ketones % Siloxanes % Oximes 
wwa 5.71 14.00 66.11 
wwa+LH 18.25 17.02 2.72 
www+MGLHN 13.35 21.89 43.13 
 
The persistent cyclotrisiloxane also increased after hydrolysis. There was a slight change in 
siloxane. Siloxanes are known to be variable in different temperature ranges and their variation 
depends on seasonal change.  
Considering the GCMS results, the treatment is selective and there is formation of some other 
organic compounds, however looking at COD and FTIR results it could be concluded that 
overall organic removal has happened by the decrease or increase of certain organics. 
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4.7 Brewery wastewater treatment and hydrogen generation via hydrolysis using Mg 
waste scraps in acidic condition  
 
Water and energy are the two most important resources in today’s world. A lot of research has 
been carried out or is currently in progress to improve water and wastewater treatment 
technology. Meanwhile, effort has been made to utilise waste as a source of energy which 
simultaneously reduces pollution. Most of the water from natural sources becomes polluted 
due to wastewater emerging from industries. Many different chemicals are discharged into the 
aquatic environment through industrial activities, which pose a risk to public health and the 
environment. Some of them are persistent, toxic and partly biodegradable. Therefore, they are 
not easily removed in the conventional wastewater treatment plants. Hence, there is a need to 
develop an eco-efficient method for the treatment of these kinds of pollutants via a method 
which can treat the wastewater efficiently  and in an economical manner [297, 298].  
Brewery industries are water intensive, and consequently produce huge volume of wastewater. 
The wastewater from these industries also leads to soil pollution in the cases of inappropriate 
treatment and land discharge [297]. It is reported that it can inhibit seed germination, reduce 
soil alkalinity, cause soil manganese deficiency and damage agricultural crops [299, 300]. 
Conventional methods for wastewater treatment cannot treat persistent compounds present in 
brewery wastewater. The conventional biological treatment includes anaerobic treatment with 
recovery of biogas, followed by aerobic treatment. However, some of the compounds present 
in this type of wastewater cannot be removed conventionally. Moreover, the cost of energy 
coupled with the discharge of effluents into the water bodies is raising further concerns. 
Application of advanced alternative treatment methods is necessary to meet environmental and 
governmental legislation for wastewater discharge.  
Apart from the water, energy is another essential factor today. Economic, social and physical 
activities rely on the supply of energy. Fossil fuels such as oil which are used for supply of 
energy are depleting, and in addition, these sources of energy are not clean. Although H2 can 
be produced using many techniques [85], however, its production requires other sources. 
Therefore, finding an alternative sustainable source of energy is necessary. Presently, hydrogen 
has been considered as a clean energy carrier that can be produced from different routes and 
different sources like the fossil fuels. Therefore, significant effort has been made to find a cost-
effective hydrogen production method [301].   
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Interestingly, hydrogen generation from Mg occurs when it comes in contact with water [26]. 
However, Mg(OH)2, the by-product of hydrolysis, can cover the surface of scraps and thereby 
decrease the hydrogen generation yield. A significant amount of research has been conducted 
to improve the yield of hydrogen production by hydrolysis. Application of acids such as acetic 
acid, citric acid and nitric acid, and salts such as iron chloride NaCl, etc. can accelerate the 
hydrolysis kinetic and hydrogen generation process [171, 208]. 
Recently, recycling of magnesium, particularly end-of-life Mg products, has become 
increasingly important because of the increasing use of the metals in consumer electronics and 
in transportation since it is so lightweight, and thus improves fuel economy [26]. However, at 
present, recycling of low-grade Mg scrap economically is not feasible [302, 303]. On the 
contrary, hydrolysis of Mg based substrates is a facile and cost-effective hydrogen generation 
method. During the last decade, H2 generation by hydrolysis of Mg-based materials such as 
Mg and MgH2 in pure water or in the presence of other chemicals has been studied extensively 
[212].  
Metals are considered as expensive and non-renewable resources which are raw material in 
automotive industries that produce metal wastes which include magnesium. Recycling is a cost 
effective and environmentally friendly method for the usage of metal wastes. Nevertheless, 
because of the lack of proper refinery and recycling industries, recycling of low-grade Mg 
scraps is not possible, and most of them are burned or buried [304].  
Hydrogen is likely to become an important source of fuel in the near future. To have a 
sustainable production and supply of H2, a renewable source for production of H2 must be 
developed. Herein lies the importance of Mg waste role in production of high-purity hydrogen 
utilising other industrial waste such as brewery wastewater as a source of water. In addition, 
the by-product of hydrolysis of Mg can be recycled and used for different applications [231].   
In this section, a waste to hydrogen production technique for simultaneous waste treatment and 
hydrogen production (using wastes from two industrial sources) was developed. 
The Mg scraps were exposed to wastewater for the hydrogen generation while partial treatment 
of wastewater occurred. The acetic acid was used to enhance the hydrolysis kinetic. This 
advanced waste plus waste treatment technology provides an innovative and eco-efficient 
solution to three major industrial issues, namely Mg solid waste mitigation, brewery 
wastewater treatment and hydrogen production.  
151 
 
4.7.1 Scanning electron microscope (SEM) and Energy dispersive X-ray spectroscopy (EDS) 
analyses of Mg-scrap before and after hydrolysis 
 
Figure 4.45 a1 shows SEM images of the Mg- scrap with elemental maps of its main 
components; the corresponding EDS spectrum is presented in Figure 4.45 a2. As can be seen 
from Figure 4.45 a2, the major component of the scrap is magnesium, with impurities of 
aluminium and silicon. Presence of noticeable amounts of carbon (due to contribution of the 
sample holder) and oxygen (due to sample oxidation) are also clearly seen. 
 
 
Figure 4.45: SEM micrographs of (a1) Mg scrap before hydrolysis, (b1) Mg scrap residual after 
hydrolysis with wastewater containing 24% aa (the length of scale bars are equal to 200µm), 
(a2) EDS spectrum of a1, and (b2) EDS spectrum of b1. 
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4.7.2 Xray diffraction (XRD) analysis of Mg-scrap before and after hydrolysis 
 
Rietveld refinement of XRD pattern of the as-received Mg scrap (see Figure  (4.46)) showed 
that the major phase (>90 wt. %) has Mg structure (space group P63/mmc, #194) but with lower 
lattice periods and unit cell volumes than the values reported for pure Mg (a=3.2095 Å, 
c=5.2107 Å, V=46.4858 Å3 [305]. It is caused by the substitution of Mg (atomic radius R=1.50 
Å) with the smaller atoms of Al (R=1.25 Å) in Mg–Al solid solution phase. Furthermore, the 
goodness of the refinement significantly improved when assuming presence of several Mg–Al 
phases with close but different lattice periods. Figure 4.46 illustrates this feature assuming 
presence of two phases: Mg–Al (1) (43.8 wt.%; a= 3.19336(6) Å, c= 5.1897(2) Å, V= 45.832(2) 
Å3) and Mg–Al (2) (46.5(1) wt.%; a= 3.17686(7) Å, c= 5.1676(2) Å, V= 45.166(2) Å3). 
Comparison of the observed values of the unit cell volumes with literature data [305-307], 
which show a linear dependence of the unit cell volume for Mg–Al solid solutions on the 
content of Al (0–10 wt. %), allowed us to calculate Al concentrations in the Mg-rich phases in 
the sample to be 4.1 and 8.3 wt.% Al, for the phases Mg–Al (1) and Mg–Al (2), respectively. 
The studied sample also contained 9.7(1) wt.% of -Mg17Al12 (space group I–43m, #217) with 
calculated lattice period, a=10.5791(4) Å, close to the value reported in the literature [307]. 
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Figure 4.46: Rietveld refinement of the XRD pattern of Mg scrap before hydrolysis. Points – 
observed, red line – calculated, blue bottom line – (observed–calculated). Bottom labels 
correspond to peak positions of the identified phases. 
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As can be seen from Figure 4.47, the interaction of compact pieces of Mg scrap with solutions 
of acetic acid in brewery wastewater results in disintegration of the samples and their 
dissolution which generally increases with the increase of the aa concentration. The residual 
of Mg scrap (starting weight 3.8 g for the each hydrolysis experiment) after its hydrolysis with 
100 ml of wastewater solution containing 30, 24, 18 and 12% acetic acid had a weight of 0.18 
(b; 4.7% of the starting weight), 0.58 (c; 15.3%), 2.5 (d; 65.8%) and 1.2 gram (e; 31.6%), 
respectively. It should be noted that when the volume of reactant solution was increased from 
100 to 200 ml, there was no residual remaining in the reactor in all aa concentrations. 
SEM images in Figure 4.45, show that during hydrolysis, the compact pieces of Mg scrap (a1) 
had disintegrated into fine particles (b1). Obviously, the defragmentation of initial pieces of 
the Mg scrap facilitates its contact with the hydrolysis solution by creating new solid – liquid 
interfaces, thus promoting further hydrolysis. It also can be seen from Figure 4.45 (compare 
a2 and b2) that hydrolysis results in the drop of Mg concentration in the solid residue along 
with significant increase of the concentration of carbon, oxygen and aluminium, as well as the 
appearance of trace amounts of other elements (Mn, Zn, Cu, Fe) that were not detected in the 
sample before the hydrolysis. 
 
Figure 4.47:  Mg scrap before (a) and after (b–e) hydrolysis reaction with 100ml solution of 
acetic acid in brewery wastewater, with concentrations of 30% (b), 24% (c), 18% (d) and 12% 
(e). The residuals (b–e) were recovered after 1 hour of the hydrolysis reaction.  
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The observations described above allow a conclusion to be reached that hydrolysis reaction 
under experimental conditions mainly results in the dissolution of Mg, according to Reactions 
1 and 2 (see section 4.6.2.2). Accordingly, the deposit will contain insoluble compounds 
(hydroxides or acetate hydroxides) of Al or Al–Mg. 
Correspondingly, the main phases identified on XRD pattern of the residual after hydrolysis 
(see Figure 4.48) were aluminium acetate hydroxide, Al(OH)(CH3COO)2 ([308]; structure not 
reported) and Al(OH)3 (bayerite; space group P121/c1, #14) [309]. The third phase, most 
probably, relates to mixed magnesium-aluminium acetate hydroxide hydrate, 
(Mg,Al)(OH)(CH3COO)2*xH2O, with a structure similar to magnesium-aluminium carbonate 
hydroxyl hydrate (hydrotalcite; space group P121/c1, #14) [310]. It was noted that hydrotalcite-
like compounds, or anionic clays, are layered double hydroxides formed by a stacking of 
positively charged sheets (which contain Mg2+, Al3+ and other cations, together with OH– 
anions) separated by interlayer spaces containing solvated anions (CO3
2–, Cl–, organic 
anions)[310, 311]. Frequently, these compounds are formed as a result of hydrolysis[311]. 
Similar layered structures were shown to be formed by aluminium acetate hydroxide 
macromolecules [312]. 
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Figure 4.48: XRD pattern of the residual after 1 hour hydrolysis of Mg- scrap with 100 ml 
24%aa 
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4.7.3 Hydrogen generation via hydrolysis 
 
The interaction of Mg with water can be described as reaction in equation (4.4):  
Mg + 2H2O → Mg(OH)2 + H2                                                                                                 (4.4) 
According to Eqn. (4.4), 1 g of Mg metal is able to generate 0.92 NL H2, at the minimum 
(stoichiometric) amount of water of 1.48 g. Therefore, the theoretical H2 generation for 3.8 
gram of Mg is 3.496 NL. However as estimated by EDS (Figure 4.45, a2) in this study, the 
weight percentage of Mg in the scrap is 69.2% and consequently, the theoretical H2 value will 
be 2.41NL. 
 
4.7.3.1 Effect of acetic acid on hydrogen evolution by hydrolysis of Mg scrap and brewery 
wastewater 
In this study, acetic acid was used to accelerate hydrolysis of Mg for hydrogen generation and 
to avoid formation of passivation layer. Equation 4.5 represents the reaction of acetic acid with 
magnesium hydroxide, which is the agent of passivation layer:  
Mg(OH)2+ 2CH3COOH → Mg(CH3COO)2 +2H2O                                        (4.5) 
Figure 4.49 shows hydrogen generation from 3.8 g of Mg scrap, with different concentrations 
of acetic acid (aa; 12, 18, 24 and 30 wt%) added to wastewater with a total volume of 100 ml. 
It could be observed that within first 5 minutes the amount of produced hydrogen was equal to 
0.7, 1, 1.5 and 2 NL for the aa concentration of 12, 18, 24 and 30% respectively. In addition, 
the presence of Al and other metals in Mg scrap plates also may contribute to the increase of 
the yield of hydrogen. 
156 
 
 
Figure 4.49:Effect of acetic acid concentration of on H2 generation volume (1,2,3 & 4 for 
12,18,24& 30% acid) and flowrate (5,6,7 & 8 for 12,18,24 & 30% acid) using Mg scrap and 
brewery wastewater.  
As discussed, acetic acid could improve the kinetics of the hydrolysis. The performance of 
hydrolysis in terms of the hydrogen generation rate was as follows: 30>2418>12 wt% aa. 
However, within the first 2 minutes, hydrolysis in the presence of 24% aa had the fastest kinetic 
for the hydrogen generation. This experiment was repeated under identical condition for 200 
ml and 50 ml of wastewater solution containing 12wt% acetic acid to study the effect of 
solution volume on hydrogen generation and the results have been presented in Figure 4.50. It 
can be observed that in a higher volume of solution and the same amount of Mg scrap, the flow 
rate is higher than those with 100ml and 50 ml of wastewater solution and the volume of H2 
generation was higher. The amount of H2 released in the case of 200 ml solution of wastewater 
containing 12% acetic acid was about 0.88 NL compared to 0.67 NL for 100 ml solution and 
0.65NL for 50 ml of wastewater solution in 15 minutes. Interestingly, it could be observed that 
the hydrogen yield achieved at the end of 60 minutes for 200 ml wastewater with 12% aa 
concentration is 2 NL (Figure 4.50, curve 3) and approximately equal to the H2 yield produced 
100 ml wastewater with 30% of aa (Figure 4.49, curve 4), which clearly indicate addition of 
wastewater volume could reduce the usage of aa. However, the most of hydrogen released 
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during first 5 minutes in 100ml wastewater with 30% of aa which was faster than 200 ml 
wastewater with 12% aa. 
 
Figure 4.50: Effect of reactant solution volume on H2 generation volume (1,2 and 3 for 50, 100 
and 200 ml of reactant solution) and flowrate (4, 5 & 6 for 50, 100 and 200 ml of reactant 
solution) using Mg scrap and brewery wastewater. 
 
Figure 4.50 shows that the reaction was spontaneous within the first few minutes of ww contact 
with Mg scraps and later assumes a steady evolution of hydrogen gas (H2), which resulted in 
higher H2 generation for 200 ml solution compared to 100 and 50 ml solution. 
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Figure 4.51: Effect of stainless steel net on H2 generation (1 & 2 for Mg scrap with and without 
net respectively) and flowrate (3 & 4 for Mg scrap with and without net respectively). 
The effect of stainless steel net on H2 generation was also studied using 200 ml of wastewater 
containing 12wt% acetic acid solution (Figure 5.1). Initially the kinetic of the reaction was 
slightly faster in the presence of stainless steel net. However, after 15 minutes of hydrolysis, 
hydrogen generation rate increased for the Mg scrap sample without metallic net (Figure 5.1). 
Therefore, there was no significant difference between the H2 generation using scrap with and 
without metallic net, as clearly shown in Figure 5.1. The rest of the experiment of hydrolysis 
was carried out in the absence of stainless steel net. 
The results of hydrogen generation via hydrolysis changing different variables have been 
summarized in Table 4.16. 
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Table 4.16: Summary of the hydrolysis of 3.8g Mg scrap in the presence of ww and acetic 
acid at 50 oC 
Curve 
reference 
(Fig. 
4.49, 4.50 
&4.51) 
Sample  
Characteristics 
Hydrolysis 
condition 
Hydrolysis performance 
Max H2 
generation 
rate 
(NL/min) 
H2 yield  
(released / 
theoretical %) 
Notation Vol. of 
solution 
(ml) 
Conc. 
(wt.%) 
 t=5 
min 
t=15 
min 
t=60 
min 
Figure 
4.49 
H2-20 100 12 0.30 27.6 38.2 38.2 
H2-30 100 18 0.76 43.2 68.0 68.0 
H2-40 100 24 0.93 64.8 64.8 65.8 
H2-50 100 30 0.99 79.6 83.5
3 
83.5 
Figure 
4.50 
H2-50ml 50 12 
 
0.33 26.9 26.9 26.9 
H2-100ml 100 0.30 27.6 38.2 38.2 
H2-200ml 200 0.43 36.5 72.8 83.0 
Figure 
4.51 
H2-(200ml-net) 200 12 
 
0.44 37.4 74.8 80.5 
H2-(200ml-
without net) 
200 0.45 36.5 72.8 83.0 
 
4.7.4 Effect of hydrolysis on wastewater treatment  
To evaluate the efficiency of the method for simultaneous hydrogen production and wastewater 
treatment, the actual wastewater from a brewery industry was used and the wastewater sample 
before addition of acid, after addition of acid and after hydrolysis reaction were characterised 
by COD, EC, pH and FTIR. The effect of hydrolysis on wastewater characteristic has been 
shown in Table 4.17. It could be seen that the COD of wastewater was reduced significantly 
by 62% while hydrogen was produced via hydrolysis. The EC of wastewater was increased due 
to the formation of magnesium acetate, which is soluble in water and increases the total 
dissolved solid that consequently increases the electroconductivity (EC) of the solution. The 
temperature of the wastewater sample before and after the hydrolysis reaction was measured 
to be between 22.7 to 22.9oC. The pH of solution after adding aa quickly reduced to 1.9 but 
increased to 4.11 after hydrolysis reaction. However, it remained acidic, indicating that the acid 
was not consumed completely. The wastewater became clear after hydrolysis as it can be seen 
from Figure 4.52. The disappearance of opacity could not be due to the addition of acid only 
because wastewater became clear only after the hydrolysis reaction and not after the addition 
of acid; this also can be explained by degradation of phenolic compounds which was found 
through GC-MS (see Appendix B).   
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Table 4.17: Characteristics of wastewater before and after hydrolysis 
Characteristic Wastewater before 
hydrolysis 
Wastewater after addition 
of acetic acid 
Wastewater after 
hydrolysis 
pH 6.17 1.90 4.11 
EC (mS) 3.09 1.25 3.57 
COD (mg/l) 6130  2356 2304 
Experimental condition: 1-hour hydrolysis, 100 ml of wastewater containing 50% acetic acid, at 50oC, 3.8-gram 
Mg scrap 
 
 
Figure 4.52: Photograph of brewery wastewater before addition of aa (A) and after (B) 
hydrolysis reaction 
Figure 4.53 shows the recorded FTIR spectra for untreated wastewater (ww), acetic acid (aa), 
wastewater after 30 minutes-long hydrolysis (ww12aa, ww18aa, ww24aa, ww30aa). The 
infrared spectrum of acetic acid also for comparison was recorded.  
In ww spectrum the peak located at 3307cm-1, which was observed in all samples except aa, 
was shifted to the lower wavenumber after hydrolysis and the intensity reduced by increasing 
aa concentration which indicates reduction in OH groups [313]. These results agree with the 
GC-MS and COD results (see Appendix B) as the reduction in GC-MS spectra and COD 
concentration were observed after the hydrolysis. 
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Figure 4.53: FTIR spectra of brewer’s wastewater (ww), acetic acid (aa), acidified hydrolysed 
ww with 12, 18, 24 and 30%  acetic acid (ww12aa, ww18aa, ww24aa, ww30aa).  
The absorption due to amide at 1638 cm−1 also decreased during hydrolysis, and almost 
disappeared after hydrolysis reaction, indicating the removal of amide. The peak at 1545 cm−1 
in the spectrum of the brewer’s wastewater represents the C=C bond in the aromatic rings of 
lignin or increases after hydrolysis which is due to the formation of new compound in the result 
of addition of acetic acid. The characteristic bands at 1415 cm-1 can be attributed to the CH3 
asymmetric deformation which could also be observed in the acetic acid sample, which shows 
the presence of acetic acid in wastewater sample even before addition of acetic acid and 
hydrolysis reaction. The disappearance of opacity of the sample which is presented in Figure 
4.52 could be explained by increasing the C–H peak and the reduction in NH2 or amide peaks 
[314, 315]. The band at 1260 cm-1 in the samples after hydrolysis indicates the formation of 
Si-CH3 group [316], which is in accordance with the finding obtained through EDS (Figure 
4.45) and confirms the presence of Si. The appearance of peaks at 1200 cm−1 and 1022 cm−1 in 
the samples after hydrolysis reaction may indicate C–H deformation and C–O stretching, 
respectively, which can also be observed in the FTIR spectrum of acetic acid. A band at 894 
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cm-1 was developed by increasing aa concentration which represents the hydrogen-bonded OH- 
deformation in carboxyl groups [314].  
GC-MS analysis of compounds was carried out for all samples including pure acetic acid and 
wastewater without acetic acid before hydrolysis, and wastewater samples with varied acetic 
acid content after hydrolysis (see Table 4.18, Figure 4.45, and Appendix B). Acetic acid had 
the main peak at retention time of 12.443 min. The GC-MS chromatogram of the samples 
shows several peaks with different area and intensity out of which 3 main peaks of the 
compounds were detected for wastewater before and after hydrolysis reaction. The first peak 
with highest area is determined to be Oxime-methoxy-phenyl (C8H9NO2) which is a phenolic 
compound, pollutant A. Phenolic compounds can be found in brewery and distillery 
wastewater, and these compounds are resistant to conventional treatment methods. The 
quantities of methoxy-phenyl oxime which is weak oxygen phenolic acid decreased with an 
increase in % acetic acid added. The second peak indicated to be cyclortisiloxane-hexamethyle 
(C6H18O3Si3), which is an organometallic compound and in agreement with EDS results, 
pollutant B. Hexamethyl cyclotrisiloxane (pollutant B) which is a refractory organic 
compound, showed an increase in concentration with the addition of 12-18%aa, but this 
pollutant reduced significantly (62%) with the addition of 30%aa. As the amount of acetic acid 
rises above 18% (in excess) the amount of pollutant B decreases significantly. Pollutant C, 
trimethyl benzaldehyde, which is a phenolic aldehyde, is not affected by acetic acid dosages or 
hydrolysis, as the concentration remains almost the same. Other peaks were relatively 
negligible small comparing to these 3 compounds. The changes in the area percentage of 
Oxime-methoxy-phenyl (Pollutant A), cyclortisiloxane-hexamethyle (Pollutant B) and 
Trimethyl benzaldehyde (pollutant C) have been shown in Table 4.18 and Figure 4.51 
However, these peaks were not observed in acetic acid sample.   
Table 4.18: GC-MS analysis results for samples before hydrolysis and after hydrolysis with 
different concentration of acetic acid 
% acetic acid Sample Name % Area of 
pollutant A 
(Methoxy-
phenyl oxime) 
%Area of 
pollutant B 
(Hexamethyl 
cyclotrisiloxane) 
% Area of 
pollutant C 
(Trimethyl 
benzaldehyde) 
0 ww 66.11 14.11 3.53 
20 ww12aa 48.20 20.34 2.94 
30 ww18aa 46.46 29.97 3.12 
40 ww24aa 30.49 11.09 3.40 
50 ww30aa 19.61 5.33 3.40 
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Figure 4.54: Changes in the area percentage of Oxime-methoxy-phenyl (pollutant A), 
cyclortisiloxane-hexamethyle (pollutant B) and Trimethyl benzaldehyde (pollutant C) in 
different aa concentration after hydrolysis reaction (0, 12, 18, 24 and 30%aa). 
 
It can be seen that by increasing the percentage of the aa concentration of pollutants A and B 
changes in the solution,  oxime-methoxy-phenyl was reduced steadily by increasing aa 
concentration while concentration of cyclortisiloxane-hexamethyle was increased up to 18% 
aa, but by increasing to 24% its concentration reduced and in 30% aa it reduced to the initial 
concentration. It shows that if the optimum percentage of acetic acid used in the hydrolysis, 
the formation of refractory compounds is avoided. There are intermediate product peaks which 
were observed in samples indicating the degradation of organic compounds in the wastewater 
during hydrolysis process in the presence of acetic acid.  
The GCMS analysis reveals that the hydrolysis process in the presence of acetic acid was 
successful for the degradation of oximes by 70%. This indicated the degradation of major toxic 
phenolic compounds had occurred. It also revealed that at the optimum concentration of 30% 
acetic acid, it does not produce or increase any refractory compound.  
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4.8 Summary  
In this chapter, various substrates such as magnesium hydride, lithium aluminium hydride, 
magnesium scrap and magnesium hydride-based nanocomposites (MgH2-Ge, MgH2-LiAlH4, 
MgH2-NaAlH4, MgH2-LiAlH4-NaAlH4) were employed. The substrates were applied for 
various purposes such as hydrogen generation, hydrogen storage (specifically MgH2 and 
MgH2-Ge nanocomposites) and wastewater treatment. From the results of the analysis, 
hydrolysis reaction kinetics was enhanced via the addition of acetic acid and citric acid. In 
addition, ball milling of substrates enhanced reaction kinetics for hydrogen generation. In the 
same way, co-milling of MgH2 and Ge resulted in improved hydrogen storage kinetics and 
thermodynamic properties such as dehydrogenation and re-hydrogenation temperature and 
pressure. 
Results from the application of MgH2, Mg-scrap, LiAlH4 and MgH2 based nanocomposites for 
wastewater treatment and hydrogen generation via brewery wastewater revealed reduction in 
COD and degradation of organic compound and reduction of carboxylic compounds in the 
hydrolysis effluents.  
The next chapter provides information on the general conclusions from this study and 
recommendations for future works.  
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CHAPTER FIVE 
5.0 Conclusions and Recommendations 
5.1 Introduction 
This chapter provides information on the general conclusions arrived at from the various 
experimental investigations and analyses conducted in this study. Consequently, 
recommendations for future works to improve understanding of the study were proposed.  
5.2 Conclusions 
This study reports improvement in hydrogen generation and storage characteristics of metal 
hydrides through various interventions such as ball milling, composites and improvement of 
reaction kinetics through application of organic acids such as acetic acid (aa) and citric acid 
(ca). 
Different light weight metals and nanocomposites namely: MgH2; MgH2-Ge; MgH2-LiAlH4; 
MgH2-NaAlH4; and MgH2-LiAlH4-NaAlH4 were prepared via ball-milling. The results from 
material characterization of the nanocomposites showed increased in crystallinity with ball 
milling time resulting in synthesis nanocrystalline materials as validated by XRD, TEM and 
SAD miller indices characterization. Moreover, phase -structural changes from tetragonal 
modifications of α-MgH2 to high pressure orthorhombic ɣ-MgH2 synonymous with the ball 
milling of MgH2 for long duration of time or high speed was observed in the ball milling of 
pure MgH2 samples and MgH2-Ge composites. Results from hydrogen storage analysis from 
MgH2-Ge nanocomposites show improvement of reaction thermodynamic and kinetic 
characteristics with reduction in dehydrogenation and re-hydrogenation temperature and 
pressures from the MgH2-Ge nanocomposites ball milled for different time lengths compared 
to the corresponding MgH2 ball milled for the same period of time with reduction of 
dehydrogenation temperature by about 15 °C and pressure by approximately 14.7%. 
Higher hydrogen production was recorded from the hydrolysis of ball milled MgH2 compared 
to the unmilled (as delivered) MgH2. Similarly, the highest hydrogen evolution and crystallinity 
results in the MgH2-Ge study were reported when MgH2 was co-milled together with Ge to 
form the MgH2-Ge nanocomposite. These observations validate the hypothesis of improved 
hydrogen generation from hydrolysis of metal hydrides due to reduction in crystallite size from 
ball milling and the synergistic effect of the composites on hydrogen generation relative to the 
precursor metal hydride (MgH2).    
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Moreover, the hydrogen yield from hydrolysis of MgH2 in solution accelerated with organic 
acids (aa and ca) resulted improved reaction kinetics that ameliorated the passivation of 
hydrogen evolution by Mg(OH)2 formed during reaction of MgH2 with water. 
Furthermore, hydrolysis technique was employed for dual purpose of hydrogen generation and 
wastewater treatment from the hydrolysis of different light weight metals and nanocomposites 
namely: MgH2, LiAlH4, MgH2-LiAlH4, MgH2-NaAlH4, MgH2-LiAlH4-NaAlH4 and Mg-scrap 
with hydrogen yields of approximately 70% in most experiments. This innovative technique 
apart from the hydrogen production resulted in degradation of organic pollutants (matter) in 
the brewery wastewater, which was evaluated by conducting COD, GCMS, FTIR and UV-Vis 
spectra of wastewater samples before and after the hydrolysis process. Wastewater treatment 
efficiency of the technique was validated by COD reduction of over 78% in all hydrolysis 
effluent samples analysed and further confirmed by the results of GCMS, FTIR and UV-Vis 
spectra.  The wastewater treatment performance of the system through hydrolysis and at the 
same time the hydrogen generation shows that with optimisation of design and reaction process 
the technology can be scaled up and incorporated into wastewater treatment niche and energy 
generation flux from brewery wastewater treatment plants, thus offering a potential for a 
reduction in energy cost of wastewater treatment plants. 
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5.3 Recommendations 
The results from the ball milled composites show improved hydrogen generation and storage 
potentials. However, the following can be conducted to further deepen the scope of study and 
information: 
1. Optimisation of milling parameters, such as ball to powder ratio and rotation speed for the 
materials will provide better perspective on hydrogen generation and storage potentials of the 
materials. 
2. Optimisation of ball milling gas by using other gases such as helium and investigation of the 
impacts on crystallinity and dehydrogenation and hydrogenation temperature and pressures is 
essential for optimization of hydrogen storage parameters. 
3. Collection of hydrolysis precipitates, further characterisation and investigation of re-
hydrogenation and de-hydrogenation parameters (temperature and pressure) and hydrolysis 
performance. 
4. Modelling of hydrogen evolution using high substrates (metal and complex metal hydrides) 
weights e.g. 10g, 20g, and 30g, which may not be feasible in real time laboratory experiments 
due to the vigorous and potentially hazardous  nature of the reaction of metal/complex metal 
hydrides with water which poses safety concerns. 
5. Design of the reactors capable of producing hydrogen via hydrolysis at higher pressure than 
most of glass vessels currently reported in literature which cannot withstand high pressure from 
the exothermic reactions of metal hydride hydrolysis. 
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Appendices 
Appendix A1: Loading, unloading and preservation of substrates in the glove box 
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Appendix A2: Ball mill vial under argon gas loaded on the ball mill 
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Appendix A3: Gas lines used for ball milling and hydrogen storage experiments 
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Appendix B: GC-MS spectra of solutions evaluated for simultaneous hydrogen 
generation and wastewater treatment  
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